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Abstract
Fluidized beds are employed for a wide variety of applications such as drying,
coating of particles, catalytic reactions, or thermal conversion processes. In a
number of these applications, objects differing in density and/or size from the
dense phase material are found in the bed. These objects can be agglomerates,
catalysts or reactants. In this PhD thesis, a fundamental study of the motion of
objects is presented, but considering also the main characteristics of the thermal
conversion processes for these objects.
Fluidized beds are used for the thermal conversion of fuels with low heating
value and/or large humidity content, applications in which the high heat and
mass transfer exchange provided by fluidized beds becomes relevant. In gen-
eral, fuel particles of such characteristics are much larger in size than the dense
phase material, and have a density that can range between the density of the
dense bed to rather smaller values. In all cases, a good mixing of the fuel par-
ticles throughout the bed involves a higher efficiency in the thermal conversion
process.
In fluidized beds, the mixing rate in the vertical direction is higher than
that in the lateral direction, as a result of the bubble motion. A proper dis-
tribution of the fuel particles in the whole bed is fundamental for an adequate
development of the chemical reaction, and to avoid the formation of cold or hot
spots. Therefore, the lateral mixing becomes a relevant parameter.
The lateral and vertical displacement of the fuel particle and the dimensions
of the reactor have to be taken into account together with the fuel particle
residence time in the bed for a proper characterization. The residence time
of a fuel particle during its thermal conversion can be represented either by
the devolatilization time or the char conversion time. For the purposes of this
thesis, the first one will be used, as it is the limiting factor in time. Also, a
comparison between the time that the fuel particle remains in the freeboard, the
time it remains immersed in the bed, and the devolatilization time is relevant.
Finally, a significant design parameter of reactors, the location and number of
feeding ports for a proper distribution of the fuel throughout the bed, depends
on the capacity of the fuel particle to move laterally.
In this dissertation, the main parameters that characterize the object motion
in a bubbling fluidized bed are obtained experimentally and related to bed
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variables such as the dimensionless gas velocity. These main parameters include
the time that an object spends during its motion throughout the bed, either
immersed in the dense bed or in the freeboard, and the vertical and lateral
displacements. The experimental characterization, analyzing the dynamics of
an object in a fluidized bed, provides the information to develop a model for
the object motion. The model is divided in several sub-models, taking into
account the different dynamics to which the object is subjected throughout the
bed. In each case, the relevant parameters of the object motion, displacement
and time, are found to relate to more elemental factors with definite statistical
distributions, which are obtained experimentally. The different sub-models are
based on the simulations of the relations between the statistical distributions
of such factors using a Monte Carlo method.
The object behavior in a bubbling fluidized bed can be divided in two parts:
when it is in the freeboard and when it is immersed in the dense bed. In
the freeboard, a large object is only affected by the gravitational force; the
drag force and the interactions with dense phase particles being negligible.
Therefore, its motion can be characterized as a ballistic motion. This motion
can be described by the object velocity at the instant of its ejection by the
bubbles to the freeboard. Such a velocity can be characterized with statistical
information of the modulus and angle, and modeled as a function of the bed
operational conditions. On the other hand, the behavior of the object when
it is immersed in the bed can still be divided in two different processes: a
sinking process and a rising process. The sinking process is governed by the
dense phase and thus the object moves according to its motion. This process
can be defined by statistical parameters such as the probability of the object
to attain a maximum depth or the probability of the object to start a rising
process at each position during its sinking motion. In the rising process, the
object is mainly affected by the bubbles, and the capacity of reaching the bed
surface directly depends on its attachment to the bubbles. This behavior can
be characterized by a parameter that represents the probability of an object
to reach the surface directly when it starts a rising path and its opposite, the
probability of detaching from the bubble and restart a sinking path before
reaching the bed surface. As a result, the motion of the object either when
it is in the freeboard or immersed in the dense bed can be described by the
statistical parameters obtained experimentally, and models based on Monte
Carlo simulations of such parameters can be derived.
Finally, the combination of the different sub-models of the object motion
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throughout the bed permits to describe the global behavior of an object in
a large-scale bubbling fluidized bed. A global model based on Monte Carlo
simulations of the elemental parameters obtained experimentally is developed,
based on the elemental statistical parameters of the object motion. The rele-
vant parameters that describe the behavior of a fuel particle, the lateral and
vertical displacement or the time spent during its motion throughout the bed,
are determined using the model, and validated with experiments reported in
the literature.

Resumen
Los lechos fludizados se emplean en una gran variedad de aplicaciones, tales
como secado, recubrimiento de partículas, reacciones catalíticas o procesos de
conversión térmica. En gran parte de estas aplicaciones, se pueden encontrar
en el lecho objetos con tamaño diferente al del material de la fase densa. Es-
tos objetos pueden ser aglomerados, catalizadores o reactivos. En esta tesis
doctoral se presenta un estudio fundamental del movimiento de dichos objetos,
teniendo en especial consideración las principales características de los procesos
de conversión térmica en los que estos objetos pueden intervenir.
Los lechos fluidizados se usan habitualmente para la conversión térmica de
combustibles con bajo poder calorífico y/o con alto contenido en humedad, apli-
cación en la cual el elevado intercambio de calor y de masa proporcionado por
los lechos fluidizados resulta relevante. En general, las partículas de combustible
son mucho mayores en tamaño que el material del lecho y tienen una densidad
que varía entre la densidad del propio lecho y valores bastante menores. En
todos los casos, un buen mezclado de las partículas de combustible en el lecho
implica una mayor eficiencia en los procesos de conversión térmica.
En los lechos fluidizados el mezclado en la dirección vertical es mayor que
en la dirección lateral a consecuencia del movimiento de las burbujas. Una
distribución correcta de las partículas de combustible por todo el lecho es fun-
damental para un desarrollo adecuado de la reacción química y para evitar la
formación de zonas frías y calientes. Por tanto, el mezclado lateral se convierte
en un parámetro de gran importancia.
Tanto el desplazamiento lateral y vertical del combustible como las dimen-
siones del reactor han de ser tenidos en cuenta, junto con el tiempo de residencia
en el lecho de las partículas de combustible, para una correcta caracterización
de su funcionamiento. El tiempo de conversión de una partícula de combustible
puede ser representado tanto por el tiempo de devolatilización como por el
tiempo de conversión del char. En línea con el objetivo de la tesis, se usará el
primero, ya que es el factor limitante en tiempo. Finalmente, la localización
y el número de alimentadores de combustible necesarios para una correcta dis-
tribución del combustible en todo el lecho, parámetro significativo en el diseño
de reactores, depende fundamentalmente de la capacidad de las partículas de
combustible para moverse lateralmente.
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En esta tesis se obtienen experimentalmente los principales parámetros que
caracterizan el movimiento de un objeto en un lecho fluidizado burbujeante,
relacionándolos con variables características del lecho, como la relación entre la
velocidad del gas y la velocidad de mínima fluidización. Estos parámetros prin-
cipales, son por un lado, el tiempo que el objeto invierte durante su movimiento
a través del lecho y, por otro lado, su desplazamiento vertical y lateral, ambos
identificados de forma separada tanto en el interior del lecho como en la su-
perficie libre. La caracterización experimental de la dinámica de un objeto
en un lecho fluidizado y de los factores relevantes permite desarrollar un mo-
delo del movimiento del objeto. El modelo se dividirá en varios submodelos
que expliquen las diferentes dinámicas que sigue el objeto a través del lecho.
En cada caso, se obtendrán los parámetros relevantes del movimiento del ob-
jeto, desplazamiento y tiempo, relacionándolos con factores más elementales
cuyas distribuciones estadísticas puedan ser obtenidas experimentalmente. Los
diferentes submodelos se basan en simulaciones de las relaciones entre las dis-
tribuciones estadísticas de dichos factores, usando para ello el método de Monte
Carlo.
Para su estudio y modelado, el movimiento de un objeto en un lecho flui-
dizado burbujeante puede dividirse en dos partes: cuando está en la superficie
libre y cuando está inmerso en el lecho. En la superficie libre, en compara-
ción con la fase densa, un objeto grande se ve afectado únicamente por la
fuerza gravitacional, ya que la fuerza de arrastre del gas y la interacción con
partículas de fase densa resultan despreciables. Por lo tanto, su movimiento
será un movimiento balístico. Este movimiento queda descrito por la velocidad
del objeto en el instante de su eyección a la superficie libre por parte de las
burbujas. Dicha velocidad puede ser caracterizada con información estadística
de su módulo y ángulo, y modelada en función de los parámetros del lecho.
Por otro lado, el comportamiento del objeto cuando se encuentra inmerso en
el lecho puede separarse también en dos procesos de características muy dife-
rentes: un proceso de subida y un proceso de bajada. El proceso de bajada
está gobernado por la interacción con la fase densa, moviéndose por tanto el
objeto solidariamente a ésta. Su comportamiento durante ese proceso puede
definirse mediante parámetros estadísticos como la probabilidad del objeto de
alcanzar diferentes profundidades máximas o la probabilidad de que el objeto
comience un proceso de subida a partir de una determinada posición durante
su movimiento de bajada. En el proceso de subida, el objeto se ve afectado
principalmente por las burbujas y su capacidad de elevarse directamente hasta
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la superficie del lecho depende del acoplamiento con éstas. Su comportamiento
durante ese proceso puede ser caracterizado por un parámetro que represente
la probabilidad de un objeto de alcanzar directamente la superficie del lecho
cuando empieza un proceso de subida o, a la inversa, la probabilidad que tiene
el objeto de desacoplarse de la burbuja y empezar un nuevo proceso de bajada
antes de alcanzar la superficie del lecho. Como resultado, el movimiento del
objeto tanto cuando está en la superficie libre como cuando se encuentra in-
merso en el lecho se puede describir mediante parámetros estadísticos obtenidos
experimentalmente, y modelar mediante el uso de simulaciones de Monte Carlo.
Finalmente, la combinación de los diferentes submodelos del movimiento del
objeto a través del lecho permite describir el comportamiento global de un ob-
jeto en un lecho fluidizado burbujeante de escala industrial. Se ha desarrollado
un modelo global basado en simulaciones de Monte Carlo de los parámetros ele-
mentales, empleando para ello los parámetros estadísticos representativos del
movimiento del objeto, obtenidos experimentalmente. El modelo desarrollado
permite obtener los parámetros relevantes que describen el comportamiento de
una partícula de combustible; los desplazamientos lateral y vertical y el tiempo
invertido en su movimiento a través del lecho. Los parámetros obtenidos son
validados usando resultados experimentales disponibles en la literatura.
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The efficiency of the thermal conversion of solid fuels depends strongly on
the characteristics of the technology employed. Fluidized beds are used in
many applications in industrial processes because of their high heat and mass
transfer capacity. The high volumetric transfer area, homogeneous temperature,
and high mixing rate, make fluidized bed reactors optimal for the chemical
transformation of solid fuels, an specially for low-quality fuels.
For such an application, the design and characterization of fluidized bed
reactors involves two major steps: the study of the fluidized bed dynamics and
heat transfer, and the study of the kinetics of the fuel conversion processes. In
the former, the dynamics of objects immersed in the bed, but different in size,
shape and/or density to the dense phase material (the fuel particles) become
of paramount importance.
In this PhD thesis, the behavior of large objects in a fluidized bed was an-
alyzed. This thesis follows the research line initiated in previous works (Soria-
Verdugo et al., 2011a,b), being the author of this PhD thesis, coauthor of these
works. This PhD thesis is a fundamental study on the motion of large ob-
jects in fluidized beds. Nevertheless, the results allow to characterize the main
parameters of the performance of fludized bed reactors.
1
2 Introduction
1.1 Background
Several authors have studied the behavior of objects in bubbling fluidized beds,
employing different experimental techniques in 2-D and 3-D facilities. These
studies can be divided in two main groups: objects with size and density similar
to the dense phase material, and thus tracers of the dense phase, and objects
larger than the dense phase material. We will focus on the latter category.
These objects will have a circulation inside the dense bed determined by a
complex dynamics, which includes sinking forces related with the dense phase
motion, rising forces related with the bubbles, buoyancy forces due to differences
in density and/or size with the dense bed and a motion in the freeboard affected
by gravity and the gas drag force.
The first studies concerning the motion of large objects in fluidized beds were
reviewed by Kunii & Levenspiel (1991) showing different behaviors as a function
of the density of the objects. They reported that a large cylinder immersed in
the bed was lifted to the surface of the bed in the roof of the bubble, although
sometimes the object can also be raised in its wake. This behavior was observed
for objects with a wide range of densities (800-1700 kg/m3) in a bed with a bulk
density around 1500 kg/m3. On the other hand, objects with a density lower
than 800 kg/m3 rose to the surface of the bed in the roof of the bubbles and
remained there, whereas objects with a density higher than 1700 kg/m3 sank to
the bottom of the bed and stayed there. Concerning the sinking process, they
reported that the object velocity was similar to the downwards velocity of the
dense phase. The influence of the buoyancy force was also analyzed by Nguyen
& Grace (1978) for objects with different sizes, shapes and densities. They also
determined the force suffered by the objects immersed in the bed due to the
passing bubbles. They concluded that the force on an object in the upwards
and downwards motion had similar magnitude but was applied during a longer
period in the downwards process.
Rios et al. (1986) studied the vertical motion of large objects in 2-D and 3-D
beds and discussed the sinking and rising processes using radioactive tracers.
In their experiments, the density, size and shape of the large objects were varied
for a range of gas velocities, bed heights and dense phase particle diameters.
Their results confirmed that a large particle with a density similar to the dense
bed moves throughout the whole bed, while for lower and higher densities, the
object floats at the surface of the bed or remains over the distributor respec-
tively. Furthermore, they observed that, in the rising process, a large object
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was lifted to the surface of the bed following a series of small paths, defined
as jerks, which were due to successive passing bubbles. Lim & Agarwal (1994)
characterized the patterns of a large particle throughout the bed for a range of
gas velocities, employing a tracking technique based on digital image analysis.
They observed that the object sank at the sides of the bed while the rising
process occurred in the preferential path of the bubbles, at the middle of the
bed. The upwards velocity of the object in the rising process was determined
experimentally by these authors, obtaining a value of 30% the mean bubble ve-
locity. The downwards velocity of the object was also calculated and the results
showed similar values to the downwards velocity of the dense phase. The rising
velocity of large objects was also associated with the bubbles velocity by Rees
et al. (2005). They studied the rise of a buoyant sphere in a 3-D fluidized bed
varying its size and density. In the experiments, they observed that the rising
velocity of the sphere was lower than the bubbles velocity, around 10%. The
works of Pallarès & Johnsson (2006) and Pallarès et al. (2007) analyzed the
motion of a phosphorescent particle in a 2-D bed for several bed aspect ratio
configurations. They observed that a dense phase particle rises in the bubble
wake directly to the bed surface, whereas when the object is far larger than the
bed material, a detachment of the object from the bubble is often observed.
They also studied the lateral motion of large particles in a 2-D bed and in a
large scale 3-D fluidized bed (Olsson et al., 2012). These works associated the
lateral motion of objects with the structures developed by the different bubble
paths. In the experimental works reported by Soria-Verdugo et al. (2011a,b,c)
the motion of objects in 2-D and lab-scale 3-D fluidized beds was described, em-
ploying a tracking technique based on digital image analysis. They confirmed
that an object sinks at the sides of the bed with a velocity similar to the dense
phase, and rises in the middle of the bed with a rising velocity that in their case
was observed to be around 20% the mean bubble velocity. Furthermore, they
characterized the jerky behavior of an object in the rising process, reported by
Rios et al. (1986), with statistical parameters that describe the probability of
the objects to reach the surface directly. This characterization is valid for a wide
variety of objects characteristics, bed heights, gas velocities and diameters of
the dense phase particles. The time spent by an object during its motion when
it is immersed in the bed was also calculated in a 2-D bed and in a lab-scale
3-D bed, varying the size and density of the object.
There is a general agreement in some aspects of the object motion. Nienow
et al. (1978), Rios et al. (1986), Lim & Agarwal (1994), Rees et al. (2005) and
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Soria-Verdugo et al. (2011b) studied the sinking and rising processes and their
characteristic velocities, showing a good agreement between the sinking velocity
and the dense phase velocity, while the rising velocity varied between authors
from 10% to 30% the mean bubble velocity.
The buoyancy effects may or may not be significant depending on the bed
and object characteristics and on the operational conditions of the bed. In
general, fuel particles have lower densities than the dense bed, showing a flotsam
behavior in fluidized beds. Even for denser fuels that circulate throughout
the whole bed, when the devolatilization process occurs, the volatile matter
escapes from the particle varying its properties and the particles tend to lift to
the surface of the bed and remain there (Fiorentino et al., 1997; Bruni et al.,
2002; Gómez-Barea & Leckner, 2010). A gas velocity increase can minimize this
flotsam behavior, resulting in a proper circulation of the fuel particle throughout
the bed (Wirsum et al., 2001; Zhang et al., 2009; Bai et al., 2013). Soria-Verdugo
et al. (2011a) characterized the limits of a proper circulation for an object as a
function of its size and density, and the fluidization gas velocity.
Fluidized beds are characterized by a higher mixing rate in the vertical
direction than in the lateral direction (Ito et al., 1999; Gómez-Barea & Leckner,
2010), but the latter may be relevant in some applications. Pallarès & Johnsson
(2006) observed the influence of bubble paths in the lateral motion of objects
using a tracking technique in a 2-D bubbling fluidized bed. They showed that
two solid mixing vortices are produced around each preferential bubble path
at the middle of the vortices. In the case of 3-D beds, a toroidal flow can be
found around the bubble preferential path. These bubble paths are affected
by the operational conditions, the pressure drop of the distributor and the
characteristics of the bed material. In a narrow 2-D bed, just one bubble path
is observed at the center of the bed, while for wider beds other bubble paths
appear and the configuration with two mixing vortices around the bubble path is
repeated, in what is called a mixing cell (Pallarès et al., 2007). The interchange
of particles between different mixing cells generates a net particle lateral motion.
1.2 Previous works related to this thesis
The object behavior inside the dense bed was studied experimentally in previous
works by Soria-Verdugo et al. (2011a,b). Their work is closely linked to the one
carried out in this thesis. Some parameters obtained from those experiments
were used in this PhD thesis as input data. Therefore, a detailed explanation of
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these parameters will be carried out in this section. As stated in the previous
section (1.1), Soria-Verdugo et al. (2011b) characterized the motion of an object
in a 2-D bubbling fluidized bed with a tracking technique using digital image
analysis for several dimensionless gas velocities, U/Umf . The object employed
in the experiments was a biomass pellet with a density of 1508 kg/m3, similar
to the bulk density of the dense bed (1560 kg/m3), so the object could be con-
sidered to have a neutrally-buoyant behavior. The position of the object was
determined experimentally using digital image analysis and the trajectories in
the rising and sinking processes were obtained. For the rising process, it was
observed that the object was more prone to rise at the middle of the bed, and
concerning the sinking process, it was observed that the object sank with more
probability by the sides of the bed. This is in accordance with the preferen-
tial paths of rising bubbles and sinking dense phase observed by other authors.
The velocity of the object was also calculated from the trajectories, obtaining a
sinking velocity comparable with the sinking velocity of the dense phase. The
dense phase velocity was estimated using the Kunii and Levenspiel correlation
(Kunii & Levenspiel, 1991) presented in equation (1.1). The rising object ve-
locity was obtained, and compared to the mean bubble velocity calculated by
the Davidson & Harrison (1963) correlation showed in equation (1.2) using the
Shen correlation (Shen et al., 2004) presented in equation (1.3) to obtain the
bubble diameter for 2-D beds.
vdp =
fwδUB
1− δ − fwδ (1.1)
UB = U − Umf + Φ
√
gDB (1.2)
DB =
[(
8(23/4 − 1)
λ
)
(U − Umf )
(
hfb +
λ
pi(23/4 − 1)
A0
T
)]2/3
g−1/3
(1.3)
where vdp is the downwards velocity of the dense phase and depends on the
bubble wake fraction, fw, the bubble fraction in the bed, δ, and the bubble
velocity, UB . The bubble diameter, DB , is a function of the gas velocity, U , the
minimum fluidization velocity, Umf , the fixed bed height, hfb, the area of the
distributor per number of orifices, A0, the bed thickness, T , and the gravity, g.
Finally, λ and Φ are constants determined experimentally.
Both the mean rising and sinking velocities of the object obtained experi-
mentally are plotted in Figure 1.1 together with the bubble velocity and dense
phase downwards velocity, estimated by the respective correlations, for different
dimensionless gas velocities, U/Umf .
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Figure 1.1: Object rising and sinking velocities (taken from Soria-Verdugo et al.
(2011b)).
The object velocity in the sinking path is similar to the dense phase down-
wards velocity. On the other hand, the rising process of an object immersed
in the bed is characterized by an ascension velocity of 20% the mean bubble
velocity, as it is observed in Figure 1.1. These results are quite in accordance
to the literature as previously stated.
In the rising process, the object was not always lifted to the bed surface by
a single bubble, but the rising motion was composed of the combined effect of
several passing bubbles. Such a motion can be represented by a series of jumps
or jerks, as described by Rios et al. (1986). This phenomenon was characterized
by Soria-Verdugo et al. (2011b). They observed that the object can be lifted to
the bed surface by a single bubble or with a number of jumps in a cycle. A cycle
is here defined between the instant when the object starts the sinking path at
the bed surface, and the instant when, after completing its motion inside the
dense bed, it reaches back to the surface. The relative frequency of the object
to reach the surface by the action of a single bubble or by a determined number
of bubbles in a cycle is plotted in Figure 1.2.
The probability of finding a low number of jumps in the rising process is
higher than finding cycles composed of a high number of jumps, as can be
observed in Figure 1.2. The experimental results showed a decrease of the
relative frequency with the number of jumps, given by a geometrical equa-
tion represented in the form of a probability density function, P (Njumps), in
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Figure 1.2: Relative frequency of number of jumps needed by the object to get the
surface in a cycle (taken from Soria-Verdugo et al. (2011b)).
equation (1.4).
P (Njumps) = p(1− p)Nj−1 for Njumps = 1, 2, 3... (1.4)
where Njumps is the number of jumps in a cycle. The value of p in the fitting
obtained to match with the experimental data was 0.45. The fitting is plotted
also in Figure 1.2 for p = 0.45. This value of p means that the object has an
average probability of 45% to get directly the bed surface by the action of a
single bubble, and thus a complementary probability, (1−p), of 55% of detaching
from the bubble during the rising path. In Figure 1.2 only the experimental
data obtained by an object with a neutrally-buoyant behavior was plotted. The
same value of p was obtained for different object characteristics and operational
conditions in a second work (Soria-Verdugo et al., 2011a). In that work, the
object was varied in size and density, provided that the object moved throughout
the bed with a proper circulation. Furthermore, the fixed bed height, the
dimensionless gas velocity and the particle diameter of the dense phase was
modified and the same average value of p was also obtained. When the buoyancy
forces are predominant and the circulation is poor, objects remaining close to
the bed surface or sinking to the distributor and remaining there, the parameter
has no longer meaning. Note that varying the dimensionless gas velocity and
the bed height suppose a variation of the bubble diameter, but no effect was
found on the value of the parameter p. Therefore, it can be concluded that an
object with a proper circulation has an average probability of 45% in the whole
bed to reach the bed surface directly when attaching to a single bubble.
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Finally, the maximum depth attained by an object in a cycle was studied.
The relative frequency of an object with a neutrally-buoyant behavior to attain
a maximum depth is plotted in Figure 1.3 for the experimental data. The
maximum depth attained, dm, is presented in dimensionless form, divided by the
fixed bed height, hfb, being 0 at the surface of the bed and 1 at the bottom. The
maximum depth attained was found to follow a parabolic law, with minimum
probability found for medium depths as can be observed in Figure 1.3.
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Figure 1.3: Probability of the object to attain a maximum depth in a cycle (taken
from Soria-Verdugo et al. (2011b)).
1.3 Application to fuel conversion processes
The lateral and vertical motion, the residence time in the bed, and the thermal
conversion rate of the fuel particles are main parameters for the design of flu-
idized bed reactors (Gómez-Barea & Leckner, 2010). As stated in section 1.1,
fluidized beds are characterized by a high vertical mixing due to the action
of bubbles, thus the lateral mixing is the limiting factor in these applications.
The Damköhler number, Da, is defined, for horizontal processes, as the ratio
of the lateral transport time to the thermal conversion time of a fuel particle
(Leckner et al., 2011), and is given in equation (1.5). For high Damköhler num-
bers (Da >> 1) the conversion process dominates and the thermal conversion
of the fuel particle occurs close to the feeding port. On the other hand, for low
Damköhler numbers (Da << 1), the lateral motion is faster than the thermal
conversion process, producing a better distribution of fuel particles throughout
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the bed.
Da = τtrans
τconv
(1.5)
where τtrans is the lateral transport time and τconv is the thermal conversion
time.
The lateral motion of a fuel particle can be described by the lateral dis-
persion coefficient. Several authors have determined experimentally the lateral
dispersion coefficient in both 2-D and 3-D fluidized beds, using different tech-
niques, and obtaining values in a wide range between 3 ·10−4 and 0.14 m2/s, as
reviewed by Olsson et al. (2012). For 2-D beds, Salam et al. (1987) and Xiao
et al. (1998) employed solids concentration sampling to obtain the lateral disper-
sion coefficient, whereas Pallarès & Johnsson (2006) used a tracking technique
of fuel particles. In 3-D beds, defluidized bed sieving and residence time distri-
bution were employed by Xiang et al. (1987) and Bi et al. (1995) respectively.
Olsson et al. (2012) obtained the lateral dispersion coefficient experimentally
in a large-scale 3-D bubbling fluidized bed using a tracking technique of the
fuel motion in the freeboard and in the surface of the bed, for different gas
velocities.
On the other hand, the thermal conversion processes during the lateral mo-
tion of the fuel particle in the bed can be characterized distinguishing two main
reactions: devolatilization of the fuel and char combustion (Leckner & Werther,
2000). The lower reaction time corresponds to devolatilization processes. The
devolatilization time has been measured in the literature as a function of the fuel
particle size and shape, obtaining values between 20 and 350 seconds (de Diego
et al., 2002; Wang et al., 2005; Sreekanth et al., 2008).
There are basically two alternatives to feed the fuel in a fluidized bed reac-
tor: the freeboard or inside the dense bed. The former case was characterized
by its simplicity and the economical manufacturing of the feeding ports com-
pared with locating the feeding ports inside the dense bed. Depending on the
devolatilization process, some possible situations can occur in relation to the
vertical location of the feeding ports: i) the fuel particle stays floating at the
surface of the bed most of the time of the devolatilization process; ii) the fuel
particle remains at the bottom of the bed during the devolatilization process; or
iii) the fuel particle moves properly from the bottom to the surface of the bed
while the devolatilization takes place (Fiorentino et al., 1997; Gómez-Barea &
Leckner, 2010). In addition, the horizontal distribution over the cross section
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of the fluidized bed reactor is an important issue for a proper distribution of
the fuel throughout the bed.
1.4 Scope of the thesis
This PhD thesis presents experimental work and modeling concerning the mo-
tion of large objects in a fluidized bed. Most of the experiments were carried
out in a 2-D bubbling fluidzed bed, but a 3-D lab-scale fluidized bed was also
used to compare and extrapolate some results obtained from the 2-D tests. In
both facilities, the behavior of the object was characterized with a measure-
ment technique based on digital image analysis. On the other hand, the model
proposed employed as inputs the results obtained in tests made in this PhD
thesis and in the literature. The model also required the simulation of several
statistical variables, which were performed using Monte Carlo methods.
The PhD thesis has been divided in six chapters. In Chapter 2 the experi-
mental facilities employed in the experiments were described. From Chapter 3
to Chapter 5 the core of the PhD thesis is presented in the form of three inde-
pendent articles with their introduction, notation, references and conclusions.
The 2-D and 3-D facilities and the measurement technique employed in the
experiments were described in detail in Chapter 2. The measurement technique
consisted of two different methods of tracking the object in the 2-D bubbling
fluidized bed. The motion of the object, either when it is immersed in the bed
or when it is in the freeboard, was characterized using digital image analysis.
For the 3-D experiments, only the presence of the object in the surface was
assessed.
In Chapter 3, the object motion in the freeboard was analyzed experimen-
tally in a 2-D bubbling fluidized bed. The object ejection was characterized
for several gas velocities and related to bubble parameters. The time spent by
the object in the freeboard and its lateral displacement were also measured. Fi-
nally, the motion in the freeboard was modeled, based on the ballistic equations.
The inputs of the model were the statistical distributions of the characteristic
parameters for the object ejection obtained during the experiments. These
statistic variables were simulated employing a Monte Carlo method. Therefore,
the lateral displacement and the time of flight were calculated and compared
with the experimental results.
In Chapter 4, the vertical object motion when it is immersed in a 2-D
bubbling fluidized bed was modeled. The model was based on experimental
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data, some made in this PhD thesis, other from the previous works and from
well-known correlations of the literature. A Monte Carlo method was employed
to simulate the relations between the statistical variables that represent the
object rising and sinking processes. The time that an object spent to complete
a cycle and the maximum depth attained in this cycle were calculated and
compared to experimental results. An extrapolation of the 2-D results to a
lab-scale 3-D fluidized bed was also made and validated.
The last main chapter of this PhD thesis, Chapter 5, focused on the mo-
tion of a fuel particle in a large-scale fluidized bed. The motion was modeled
employing the statistical parameters obtained experimentally in Chapter 3 and
Chapter 4. The model was completed including new variables from the litera-
ture for several aspects that were not characterized in previous sub-models. The
representative variables of the different processes were simulated with a global
Monte Carlo method and validated with an experimental work presented in the
literature. The lateral displacement of the fuel particle and the time employed
by a fuel particle to complete its motion in the fluidized bed were determined.
As a particular application, the location of the feeding ports were optimized to
ensure a proper distribution of the fuel particle throughout the whole bed.
Finally, the conclusions obtained in this PhD thesis were summarized in
Chapter 6.
Notation
A0 Area of the distributor per number of orifices [m2]
Da Damköhler number [−]
DB Bubble diameter [m]
dm Maximum depth attained by the object [m]
fw Bubble wake fraction [−]
g Gravity [m·s−2]
Njumps Number of jumps in a cycle [−]
hfb Fixed bed height [m]
p Probability of an object to get the bed surface by the action
of a single bubble [−]
P (Njumps) Probability density function of the number of jumps [−]
T Bed thickness [m]
U Superficial gas velocity [m·s−1]
UB Bubble velocity [m·s−1]
12 Introduction
Umf Minimum fluidization velocity [m·s−1]
vdp Downwards velocity of the dense phase [m·s−1]
δ Bubble fraction in the bed [−]
λ Constant determined experimentally [−]
Φ Constant determined experimentally [−]
τconv Thermal conversion time [s]
τtrans Lateral transport time [s]
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The experiments presented in this PhD thesis were carried out in two dif-
ferent facilities. Most of the tests were performed in a 2-D bubbling fluidized
bed, while a lab-scale 3-D bubbling fluidized bed was used to validate the ex-
trapolation of some results obtained in the 2-D facility.
2.1 2-D facility
The experimental facility consisted of a 2-D bubbling fluidized bed with a height
of 2 m and a width of 0.5 m. The front of the bed was made of glass, allowing
optical access. The rear wall was made of aluminum, and it was covered with
a black paper to obtain a higher contrast between the dense phase (white) and
the bubbles (black). The fluidization gas was air, supplied from a compressor,
and conducted to the plenum chamber by two air inlets to guarantee a proper
distribution. The thickness of the facility, T , was 0.005 m and 0.010 m in two
different sets of experiments. For the tests employing a thickness of 0.005 m,
two different fixed bed heights, hfb, of 0.3 m and 0.5 m were used. The minimum
fluidization velocity, Umf , was measured to be 0.43 m/s and 0.49 m/s for the
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two fixed bed heights respectively. On the other hand, in the experiments
carried out with the thickness of 0.010 m, the fixed bed height employed was
0.5 m and the minimum fluidization velocity was 0.32 m/s. The differences of
the minimum fluidization velocity between different thickness and bed heights
were due to the wall effects in a 2-D geometry. Several authors have studied
the influence of walls on the minimum fluidization velocity, modifying the bed
thickness, bed height and the size and density of the bed material (Geldart
& Cranfield, 1972; Caicedo et al., 2002; Sánchez-Delgado et al., 2011, 2013).
The general agreement, for different bed characteristics, is that there is an
increment of the minimum fluidization velocity with the fixed bed height and
a decrease when the bed thickness increases. This is in accordance with the
results presented in this PhD thesis. An scheme of the 2-D facility can be
observed in Figure 2.1.
Figure 2.1: Scheme of the experimental 2-D facility.
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The bed material used in all the experiments of this PhD thesis was glass
spheres, ballotini particles, with a diameter in the range 600 − 800 µm. The
density of the dense phase particle was 2500 kg/m3, corresponding to type B
of the Geldart’s classification (Geldart, 1973) and the bulk density of the bed
was measured to be 1560 kg/m3 according to UNE-CEN/TS 15103 EX. As
a result, the value of the bed void fraction was 0.38. An image of the bed
material, obtained with an electronic microscopic is showed in Figure 2.2.
Figure 2.2: Ballotini particles observed with an electronic microscope.
The air distributor was built in aluminum and consisted of a plate with
orifices of diameter, do, equal to 0.001 m. The dimensions of the distributor and
the configuration of the holes in the plate were different for the two bed thickness
employed in the experiments. For the thickness of 0.005 m the distributor plate
was composed of a row of orifices with a separation between holes, d1 = 0.010 m,
while for the bed thickness of 0.010 m the orifices were distributed in a triangular
configuration composed of two rows separated a distance, s = 0.0033 m. A
scheme of the air distributors used in the different experiments is showed in
Figure 2.3.
The variation of the pressure drop of the distributor, ∆Pdist, with the gas
velocity, U , was measured. Fitting curves of the experimental data are plotted
in Figure 2.4 for the two different thicknesses of the distributor plates. The
distributor pressure drop is higher than 30% the bed pressure drop in all exper-
imental cases. Therefore, the pressure drop for each distributor was sufficient
to ensure a homogeneous distribution of the air throughout the bed width ac-
cording to Karri & Werther (2003).
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(b)
Figure 2.3: Scheme of the distributor plates with thicknesses of (a) 0.005 m
and (b) 0.010 m.
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Figure 2.4: Pressure drop of the two different distributor plates used in the 2-D
facility.
2.2 3-D facility
The 3-D experimental facility was a lab-scale bubbling fluidized bed. It con-
sisted of a cylindrical vessel with an inner diameter of 0.192 m, and a height of
1 m. The fixed bed height was kept constant in all experiments, with a value
of 0.192 m (aspect ratio equal to unity). The fluidization gas used was also air.
The minimum fluidization velocity was 0.25 m/s, using the same bed material
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employed in the experiments of the 2-D facility. A scheme of the 3-D facility is
shown in Figure 2.5.
Figure 2.5: Scheme of the experimental 3-D facility.
The distributor was designed in order to guarantee the uniform and homo-
geneous fluidization across the whole bed, minimizing the de-fluidized zones
over the distributor according to Geldart & Baeyens (1985), Kunii & Leven-
spiel (1991) and Karri & Werther (2003). Therefore, a perforated plate with
a thickness of 0.006 m was selected, with 275 holes of diameter, dh = 0.002 m.
The holes were distributed in a triangular mesh with a pitch of Lh = 0.011 m.
A scheme of the perforated plate is shown in Figure 2.6. A deeper study of this
distributor plate is presented in Soria-Verdugo (2010).
The pressure drop of the distributor plate is plotted in Figure 2.7 as a func-
tion of the dimensionless gas velocity, U/Umf . The distributor pressure drop
is higher than 30% the bed pressure drop. Therefore, homogeneous fluidization
was ensure according to Karri & Werther (2003) for all of the dimensionless gas
velocities employed in the experiments of the 3-D facility, as can be observed
in Figure 2.7.
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Figure 2.6: Scheme of the distributor plate used in the 3-D facility.
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Figure 2.7: Pressure drop of the distributor plate employed in the 3-D facility.
2.3 Measurement technique
The aim of this PhD thesis is to study the behavior of objects in bubbling
fluidized beds. Therefore, the development of a measurement technique to
track the object, based on digital image analysis, is mandatory. In fact, three
different tracking techniques were developed and employed, to obtain different
information concerning the object motion, and for application in either 2-D or
3-D facilities. A frontal point of view of the acquisition system was employed
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for the tests carried out in the 2-D facility. On the other hand, for the 3-D
experiments a zenith point of view was used.
Two different measurement techniques were used in the 2-D experiments.
The first measurement technique can just characterize the object motion, while
in the second, the object motion can be characterized together with the dense
phase and the bubbles.
2.3.1 Object tracking in darkness in the 2-D facility
A measurement technique based on digital image analysis, was used to obtain
the position and the velocity of an object when it is immersed in a 2-D bed.
The object used during these tests was a biomass pellet of cylindrical shape
with a diameter of 0.0064 m and a length equal to 0.019 m. During these
experiments the bed thickness was 0.010 m. The object density was measured
to be 1508 kg/m3, a similar value to the bulk density of the bed material (1560
kg/m3). The object could be considered as a neutrally-buoyant object, showing
a proper circulation throughout the bed (Soria-Verdugo et al., 2011b). The
motion of the object throughout the bed was recorded with a standard camera
(Nikon D80 10.6Mpx) with an acquisition frequency of 1.4 and 30 fps. The
measurements were carried out in complete darkness. The object was covered
with strontium aluminate, emitting a phosphorescent green light that allowed
its identification. A picture of the cylindrical object is showed in Figure 2.8.
Figure 2.8: Object used in the experiments in complete darkness.
The first image of each serial was taken with light in order to determine
the bed limits. The object identification was carried out employing a threshold
and binarizing the image, transforming the green color of the object to white.
The center of mass of the object was calculated, and thus the position of the
object at each instant was determined. A scheme of the process followed in the
characterization of the position of the object is showed in Figure 2.9.
The image of the object inside the dense bed taken with light is presented
in Figure 2.9(a). The object location is not easy to asses, but it is pointed out
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with a circle in this figure. The bed limits can be defined and thus the position
of the object in the bed can be determined. The image in darkness is showed
in Figure 2.9(b) with the object emitting green light, obtaining a high contrast.
Finally, the picture binarized can be observed in Figure 2.9(c), and the center
of mass is marked with a red cross. Therefore, the position of the object was
characterized with high accuracy at each instant of its motion.
(a) (b) (c)
Figure 2.9: Processes followed to detect the object; (a) with light to identify the
bed limits, (b) image taken in darkness and (c) image binarized showing its center of
mass.
The position of the object was determined with an acquisition frequency of
1.4 fps, but the trajectory and thus the velocity of the object were determined
employing the same procedure but using an acquisition frequency of 30 fps in
order to obtain the path followed by the object more accurately. As an example
of the results obtained from the tracking technique using 30 fps, the trajectory
followed by the object in the bed is plotted in Figure 2.10 over the lighted image.
The velocity of the object, both in the sinking and in the rising path, were
determined from these experiments. The measurement technique presented in
this section was developed using an algorithm implemented in Matlab R©. The
results obtained from this technique are presented in Chapter 4.
2.3.2 Object tracking with light in the 2-D facility
The aim of this measurement technique was the characterization of the dense
phase, the bubbles and the object at the same time, for the determination of the
object behavior when it is ejected by the bubbles into the freeboard. The object
used in this tests had a disc shape, with a diameter of 0.02 m and a thickness
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Figure 2.10: Trajectory of the object in the bed depicted over the lighted image.
of 0.003 m. During these experiments the bed thickness was 0.005 m. The
object was made with a black ribbon in order to differentiate from the white
dense phase and with a white circle in its center used for contrasting with the
bubbles and freeboard (black rear wall). Therefore, the object motion can be
characterized when it is immersed in the dense bed and when it is moving in
the freeboard or inside a bubble. The density of the object was selected to be
1200 kg/m3 and thus the behavior of the object in the bed was flotsam for low
gas velocities, U/Umf < 2.5, spending more than 75% of the time in the upper
half of the bed. Nevertheless, this object shows a neutrally-buoyant behavior
for higher velocities, U/Umf ≥ 2.5, presenting a proper circulation in the whole
bed. Therefore, two different behaviors can be studied using this object as a
function of U/Umf . A picture of the object used is showed in Figure 2.11.
Figure 2.11: Object used in the experiments with light.
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The acquisition system consisted of a high speed video camera, Redlake
Motion pro X3 4Gb, and an illumination system. The illumination was carried
out with four spotlights of 650 W, giving a homogeneous illumination of the
whole bed. The acquisition frequency employed was 125 fps. The tracking
of the object was performed employing a rectangular window centered in the
object. A threshold and a binarization were applied over the tracking window
in order to distinguish the object and to calculate the center of mass, and thus
the position of the object throughout the bed can be obtained at each instant.
The dimensions of the rectangular window were selected according to the object
velocities calculated in previous works reviewed in section 1.1.
As stated above, the object was designed with a black ribbon in order to
differentiate it from the dense phase and with a white circle to be distinguish
from the bubbles and the freeboard. In Figure 2.12 the real image recorded
by the camera and the binary image applying the threshold are plotted. As
can be observed in Figure 2.12(a),(b), the black ribbon of the object allow the
detection when it is immersed in the dense bed. On the other hand, when the
object is in the freeboard, the white circle allows the detection during its mo-
tion, as can be seen in Figure 2.12(c),(d) for the real and binarized image. The
center of mass of the object is marked in the binary images with a red cross.
Therefore, the ejection of the object and its motion in the freeboard can be
characterized properly using this measurement technique. The measurement
technique presented in this section was developed using an algorithm imple-
mented in Matlab R©. The results obtained from this technique are presented in
Chapter 3.
2.3.3 Object detection on the bed surface of the 3-D fa-
cility
The 3-D facility was employed to determine the time spent by an object with
a proper circulation inside the 3-D fluidized dense bed.
The experiments carried out in the 3-D facility consisted of zenith recordings
of the surface of the fluidized bed. The object could only be detected while
it is in the freeboard. The measurements were made in complete darkness
and the object used was the biomass pellet covered with strontium aluminate
described in section 2.3.1. The object was detected correctly for dimensionless
gas velocities lower than 3. For U/Umf ≥ 3, an accurate identification of the
object in the freeboard was not possible due to the vigorous splashing of the
bubbles. The acquisition system was a standard camera with a frequency of
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(a) (b)
(c) (d)
Figure 2.12: Differentiation of the object (a) in a real image inside the dense bed,
(b) in the binary image inside the dense bed, (c) in a real image in the freeboard and
(d) in the binary image in the freeboard.
30 fps. The procedure followed to determine the position of the object in the
surface was the same than that employed in section 2.3.1. A threshold was
applied to binarize the image and calculate the position of the object in the
freeboard of the bed. This procedure is schematized in Figure 2.13, where
the image recorded in darkness with the object emitting in green light (Figure
2.13(a)) is plotted, together with the binary image obtained after the application
of the threshold (Figure 2.13(b)). The position of the center of mass of the
object is marked with a red cross. These results are also presented in Chapter 4.
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(a) (b)
Figure 2.13: Different processes in the detection of the object in the 3-D facility;
(a) in darkness and (b) in the binary image.
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3.1 Introduction
The motion of a large non-reacting object in the freeboard of a bubbling flu-
idized bed was experimentally characterized and compared with Monte Carlo
simulations. The tracking technique based on digital image analysis presented
in section 2.3.2 was used to study the object motion, both when it is immersed
in the dense bed and in the freeboard. A model, based on the kinematic equa-
tions of the motion, and relying on a minimum set of experimental data, was
used to obtain the relevant characteristics of the process. The relation between
the statistical distributions of experimental data was simulated using a Monte
Carlo method.
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The object motion in the freeboard was observed to be only affected by
gravity and it could be described as a ballistic motion, characterized by the
initial velocity of the object, or ejection velocity. The ejection velocity modulus
and angle were experimentally determined for several bed conditions, varying
the gas velocity and the bed height. The results showed a good agreement
between the mean values of the ejection velocity and the mean bubble velocity
for all conditions. Probability distributions for the modulus and angle of the
ejection velocity were obtained from the experimental measurements.
The object lateral displacement and the time of flight of the object in the
freeboard were calculated using three parallel approaches, with different degrees
of simplicity and accuracy, employing the Monte Carlo model. The results of
the model were compared to the experimental results.
3.2 Experimental procedure
3.2.1 Experimental setup
A detailed description of the experimental facility and the measurement tech-
nique employed in these tests can be found in sections 2.1 and 2.3.2 respectively.
In this section, just a brief description is presented.
The experimental tests described in this chapter were carried out in the 2-D
facility with a thickness of 0.005 m and the object used was that with a disc
shape and density of 1200 kg/m3. The experiments were performed for two
different fixed bed heights, 0.3 m and 0.5 m. Four values of the dimensionless
gas velocity, U/Umf , for each fixed bed height were employed: 1.8, 2.3, 2.8 and
3.4 for a fixed bed height of 0.3 m and 1.6, 2, 2.5 and 3 for a fixed bed height of
0.5 m, obtaining a total of eight different experimental cases. The bed material
was ballotini particles with a bulk density of 1560 kg/m3 so that the object had
a flotsam behavior for low dimensionless gas velocities (U/Umf < 2.5), while
for U/Umf ≥ 2.5 a neutrally-buoyant behavior of the object was observed. The
motion of the object in the freeboard and inside the dense bed was recorded
with a high speed video-camera, using an acquisition frequency of 125 fps. The
aim of this chapter was to study the object motion in the freeboard and its
relation with the bubble in the ejection. Therefore, the measurement technique
in this section was developed to be capable of distinguishing the object, the
bubbles and the dense phase at the same time. During the tests, more than 1.5
million images were taken, corresponding to a running time of around 3.5 h. A
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threshold was used to characterize the position of the object in all the images,
obtaining the velocity of the object at each instant.
3.2.2 Data analysis
In the freeboard of the bed, the motion of a large object can be assumed to
be defined by gravity since there are no other relevant interactions: the drag
force of the air stream over the large object can be neglected, (0.056 m/s2 for
U = 2.5Umf in our case), the friction with the 2-D walls was proved to be
hardly noticeable and interactions with the dense phase seldom occur. There-
fore, when the object is in the freeboard, its motion follows a ballistic trajectory.
Nevertheless, sometimes the object can collide with dense phase particles com-
ing from previous bubble eruptions, and, in other occasions, it may hit with the
2-D bed width limits, modifying its trajectory.
Some conditions were established to extract the intervals of the ballistic
motion from the discrete tracking measurements. First, the positions where
the object reaches the highest height compared with its neighbors position were
determined. These positions will from now on be referred as peaks of the object
motion. Once the peaks were established, a test was performed for each one
in order to find out whether the object was at the freeboard or not. For the
peaks in the freeboard, the initial and final positions of the trajectory of the
object in the freeboard were then established. This was performed using the
following procedure. At first, a minimum path that consisted of the peak and
the positions of the object in the four previous and four posterior images was
established. Then, new points were added to the path at each side when the
vertical velocity of the object was higher (in absolute value) than that of their
immediate neighbor in the direction of the peak. When that is not the case,
the next neighbor shows a lower velocity in absolute value, the ballistic path
was considered complete and the initial and final positions of the object path
were obtained. Then, a fitting of the vertical position of the path versus time
was performed to check its ballistic behavior. Those paths that passed the test
were considered as ballistic paths and the information of their initial velocity,
displacement and time interval was determined. An example of an experimental
trajectory of the object in the freeboard can be observed in Figure 3.1(a). The
position of the object at each instant is plotted over the real image acquired by
the camera corresponding to the last frame of the ballistic path sequence.
The initial and final point of the trajectory are marked with a blue cross.
The vertical position of the object, y, in the trajectory showed in Figure 3.1(a)
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Figure 3.1: Object trajectory plotted (a) over the real image and (b) with the
parabolic fitting.
is plotted versus time in Figure 3.1(b) together with its parabolic fitting. The
initial and final points of the trajectory are marked with blue crosses and some
extra points before and after the initial and final points are also depicted in
Figure 3.1(b). The parabolic fitting of the vertical positions is plotted with a
black dash line, showing a very good match with the experimental trajectory
and allowing to accept the assumption of a ballistic path. The method de-
scribed to decide if a motion of the object in the freeboard is a ballistic motion
was employed for all cases and the total of ballistic paths obtained was 750.
Table 3.1 shows the number of the ballistic trajectories found for each case.
Finally, the object lateral displacement and the time spent by the object in the
ballistic trajectory can be calculated directly from the ballistic path trajectory.
Table 3.1: Ballistic paths obtained from the data analysis for each configuration.
hfb = 0.3 m hfb = 0.5 m All
U/Umf 1.8 2.3 2.8 3.4 1.6 2 2.5 3 -
Ballistic paths 54 124 69 66 64 166 92 115 750
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3.3 Results
3.3.1 Experimental results for the object velocity
The ballistic motion of the object in the freeboard is described with the ejection
velocity vector. In an opposite way, the ballistic paths obtained experimentally
allows to determine the ejection velocity in each case. The ejection velocity
vector can be expressed in terms of its modulus, Uobj , and angle, θ. This
angle is here defined as the angle between the velocity vector and the vertical
coordinate. Vertical symmetry was considered since the object was ejected to
both sides of the bubble path with the same probability.
Both the modulus and the angle were obtained experimentally from the
object ballistic trajectories in the freeboard. There is a general agreement that
objects with proper circulation and dense phase are raised in fluidized beds by
bubbles. Several works have studied the ejection velocity of the dense phase
and its relation with the bubbles velocity, using experimental techniques (Fung
& Hamdullahpur, 1993; Santana et al., 2005; Almendros-Ibáñez et al., 2006;
Müller et al., 2007) and numerical simulations (Hernández-Jiménez et al., 2011).
Nonetheless, there is no work available concerning the ejection velocity of a large
object. For dense phase particles, the results for different authors differ. Fung
& Hamdullahpur (1993) observed that the particles are ejected radially and
with a velocity that correlates with the bubble velocity and the ejection angle.
Correlations differ between different authors, but there is a certain agreement
that particle velocities are larger than the bubble velocity and that there is a
decrease of velocity for increasing ejection angle.
The ejection velocity for large objects may differ from that of the dense
phase particles. The dense phase particles are subjected to the drag force of
the gas flow, while the incidence of the gas drag force in large objects can be
neglected as stated previously in section 3.2.2.
For comparison with the object ejection velocity, the mean bubble velocity
can be calculated for the different cases employing the Davidson and Harri-
son correlation (Davidson & Harrison, 1963) and using the Shen correlation of
the bubble diameter (Shen et al., 2004). Both equations are implemented in
Chapter 1 in equations (1.2) and (1.3) respectively.
The experimental results obtained for the object ejection velocity, modulus
and angle are plotted in Figure 3.2. The results showed a similar behavior for
every experimental configuration, varying U/Umf and hfb, and thus the results
for all cases are plotted together.
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Figure 3.2: Relation between object and bubble velocity against the ejection angle.
The horizontal axis shows the ejection angle obtained, with values between
0 and 55◦. Note that the ejection angle is defined as an absolute value. The
vertical axis shows the ratio of the modulus of the object ejection velocity to
the mean bubble velocity multiplied by the cosine of the ejection angle. The
values of the object ejection velocity range between 0.2 and 2.4 times the mean
bubble velocity multiplied by the cosine of the ejection angle.
The magnitude used in the vertical axis is extracted from the experimental
results. The fitting of all experimental points is plotted as a black line, showing
a constant value around unity for the whole range of ejection angles. Thus, the
mean bubble velocity multiplied by the cosine of the ejection angle represents
the mean value of the modulus of the object ejection velocity for the different
experimental cases, showed in equation (3.1).
Uobj = UB cos θ (3.1)
where Uobj is the mean value of the modulus of the object ejection velocity, UB
is the mean bubble velocity and θ is the object ejection angle.
The results suggest that objects move jointly with the bubbles prior to the
ejection, and no other relevant forces are present at the instant of ejection.
The dispersion of the data in Figure 3.2 may then correspond to differences
between the mean bubble velocity and the instantaneous bubble velocity. The
cosine dependence is in accordance with the decrease of the velocity for higher
ejection angles showed in the dense phase ejection studies.
The dispersion of the data obtained for the object ejection velocity, in mod-
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ulus and angle, should be treated separately. The distributions for both mag-
nitudes are plotted in Figure 3.3. As stated previously, all the cases are plotted
together. The results for the modulus of the object ejection velocity showed
very similar distributions between different cases, while those for the ejection
angle showed minor variations. Figure 3.3(a) shows the distribution of the
ejection angle for all cases. The probability density function decreases expo-
nentially with the ejection angle. Therefore, most of the ejections are grouped
in the vicinity of the vertical direction, 75% of the ejection angles are below 30◦.
The experimental frequency histogram was integrated between 0 and 90◦ and
normalized in order to obtain a probability density function, p (θ), presented in
equation (3.2).
p (θ) = 0.046 exp(−0.045θ) (3.2)
The distribution of the experimental data for the modulus of the object
ejection velocity, Uobj , is plotted in Figure 3.3(b) in dimensionless form with
the bubble velocity times the cosine of the ejection angle. The figure shows a
Gaussian distribution fitting, with a mean of 1.00 and a standard deviation of
0.32.
? ?? ?? ?? ?? ?? ??
?
????
????
????
????
????
θ??????
?
??
??
??
???
??
??
??
???
???
??
???
??
??
?
?
?
????
?????????
(a)
? ??? ? ??? ? ???
?
???
???
???
???
?
???
???
?
???
??
?
???θ????
?
??
??
??
???
??
??
??
???
???
??
???
??
??
?
(b)
Figure 3.3: Probability density function of (a) the ejection angle and (b) the ratio
of object and bubble velocity.
38 Object motion in the freeboard
3.3.2 Experimental results for the time of flight and lat-
eral displacement
Once the ballistic path of the object in the freeboard was obtained, the time of
flight of the object, tf , and the lateral displacement, ∆x, during its motion in
the freeboard were measured. The experimental results are presented using box
plots, giving the median value, the upper and lower quartile, 75% and 25% of
the population, and a confidence interval. Outside of this confidence interval,
the outliers are depicted, one by one.
The box plots of the time of flight for different dimensionless gas velocities,
U/Umf , are plotted in Figure 3.4(a) for a fixed bed height of 0.3 m and in Figure
3.4(b) for a fixed bed height of 0.5 m. The time of flight showed a Gaussian
type distribution in all the cases, with medians ranging from 0.17 to 0.30 s. In
both figures, the time of flight increases with the dimensionless gas velocity, and
the relation seems to be quite linear for the median. These results are coherent
with the previous reasoning: higher velocities and bed heights involve higher
bubble velocities (see equations (1.2) and (1.3)), which produce higher object
ejection velocities (equation (3.1)) and thus larger times of flight.
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Figure 3.4: Time of flight for fixed bed heights of (a) 0.3 m and (b) 0.5 m for
different U/Umf .
The number of ballistic paths needed for a proper statistical results was
analyzed. The lower quartile, the upper quartile and the median of the time
of flight were calculated considering a different number of ballistic paths. The
dispersion of the values of time of flight for the case of U/Umf = 3 and bed
height of 0.5 m is plotted in Figure 3.5, as a function of the number of ballistic
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paths considered. This case was selected to determine the number of ballistic
paths needed for proper statistics since the dispersion of the time of flight is the
highest, as can be seen in Figure 3.4. The values of the statistical parameters
of the time of flight showed a large dispersion when considering less than 50
ballistic paths, being the parameters uniform up to this point as can be observed
in Figure 3.5. Therefore, according to these data the number of ballistic paths
obtained from the experiments and presented in Table 3.1 are sufficient to ensure
proper statistical results.
0 30 60 90 120 150 180
0.1
0.2
0.3
0.4
0.5
0.6
Ballistic paths [−]
t f 
[s
]
Figure 3.5: Variation of the lower quartile, median and upper quartile of the time
of flight as a function of the number of ballistic paths.
The lateral displacement of the object in the freeboard was defined as the
horizontal distance between the final and initial positions of the ballistic trajec-
tory. Experimentally, the lateral displacement could not be obtained directly in
a number of ejections, since hits with the width limits occur during the ballistic
trajectory. In such cases, the lateral displacement was calculated considering
the object trajectory until it hits with the width limits and extrapolating the
results employing the total time of flight.
The results of the lateral displacement are plotted for the 0.3 and 0.5 m
fixed bed heights in Figure 3.6(a) and Figure 3.6(b) respectively. In both cases,
the lateral displacement increases with the gas velocity. The median values
obtained experimentally varying between 0.03 m and 0.1 m.
The vertical difference between the initial and final position of the object
ballistic trajectory in the freeboard can also be calculated directly from the
experimental data. The results are plotted in Figure 3.7.
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Figure 3.6: Lateral displacement for fixed bed heights of (a) 0.3 m and (b) 0.5 m
for different U/Umf .
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Figure 3.7: Vertical difference between initial and final position for fixed bed heights
of (a) 0.3 m and (b) 0.5 m for different U/Umf .
For low dimensionless gas velocities, U/Umf < 2.5, a positive vertical dif-
ference between the initial and final position can be observed, while for higher
gas velocities the tendency is canceled. The results may be explained as rep-
resenting the two behaviors of the object for the different U/Umf . For low
dimensionless velocities, U/Umf < 2.5, the flotsam object is located most of
the time at the top of the bed and moves jointly with the bubble when the
bubble starts the eruption. Therefore the object needs to be accelerated prior
to its ejection and is generally ejected at a higher height than that of the sur-
face of the bed, where the object is more prone to finish the ballistic path. On
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the other hand, with a proper circulation of the object, U/Umf ≥ 2.5, it raises
jointly with the bubble. Thus, the ejection of the object starts at the time of
the bubble eruption and the initial and final position of the parabolic path are
similar.
Nevertheless, the vertical differences are slight. The median values range
from −0.01 m and 0.04 m as can be observed in Figure 3.7(a) and Figure 3.7(b).
Therefore, in a first approximation the vertical difference can be considered
negligible.
3.3.3 Model based on Monte Carlo simulations
A model is proposed to estimate the time of flight and the lateral displace-
ment of a large object moving in the freeboard of the fluidized bed, based on
its ejection velocity, modulus and angle. As stated in the experimental results
for the object velocity, section 3.3.2, these parameters follow different type of
statistical distributions. Thus, using mean values, these parameters are not
represented with high accuracy, and a Monte Carlo simulation is needed for
more accurate results. The Monte Carlo simulations were performed using a
MatLab R© algorithm. The inputs were obtained from the experimental results:
i) the Gaussian distribution for the relation between the object ejection velocity
and the bubble velocity times the cosine of the ejection angle, and ii) the expo-
nential probability function of the ejection angle expressed by equation (3.2).
The main hypothesis of the model based on Monte Carlo simulations is that
these two distributions are independent, an assumption based on the results
showed in Figure 3.2. The time of flight calculated in the Monte Carlo model,
tf,MC , is based on the ballistic equation (3.3).
tf,MC =
Voy,MC +
√
V 2oy,MC + 2 · g ·∆y
g
(3.3)
where Voy,MC is the vertical velocity of the object ejection obtained by the
simulation, g is the gravity and ∆y is the vertical difference between the initial
and final position of the ballistic path.
The vertical difference was assumed to be negligible in order to simplify the
model. The vertical component of the object ejection velocity can be written
in terms of the modulus of the ejection velocity and the ejection angle. Then,
the time of flight can be calculated as equation (3.4).
tf,MC =
2 · Uobj,MC cos θMC
g
(3.4)
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where Uobj,MC is the modulus of the object ejection velocity obtained by the
Monte Carlo simulations, and θMC is the ejection angle obtained by Monte
Carlo simulations.
A total number of 105 Monte Carlo simulations were run for each case, con-
sidering the probability density functions of the ejection angle and the Gaussian
distribution of the relation between the modulus of the object ejection velocity
and the bubble velocity times the cosine of the ejection angle, obtained experi-
mentally as inputs. Then, the outputs of the Monte Carlo simulations were the
distributions of the time of flight and the lateral displacements. In Figure 3.8,
the box plots of the time of flight calculated by the Monte Carlo simulations
are plotted for the different cases. The time of flight increases with the dimen-
sionless gas velocity for both heights, showing a linear tendency. In the Monte
Carlo simulation results, there are values of the time of flight equal to zero
in contrast to the experimental results, where a minimum time spent by the
object in the freeboard is necessary during the data analysis procedure. Apart
from that, the results obtained in the simulations are in a good agreement with
the experimental data shown in Figure 3.4. Obviously, the number of outliers
obtained for 105 simulations is far larger than the number of those obtained
in the experiments, so they are not depicted for the Monte Carlo simulation
results.
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Figure 3.8: Time of flight for Monte Carlo simulations for fixed bed heights of
(a) 0.3 m and (b) 0.5 m for different U/Umf .
The lateral displacement, ∆xMC , can be calculated with equation (3.5)
using the output parameter of the Monte Carlo simulations, i.e. the time of
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flight, tf,MC .
ΔxMC = Uobj,MC sin θMC · tf,MC (3.5)
The results of the lateral displacement are plotted in Figure 3.9. Similar to
the case of the time of flight, the lateral displacement increases with a linear
tendency with the gas velocity and the influence of the fixed bed height can
also be considered negligible. The results obtained by the simulations show a
good agreement with the experimental data shown in Figure 3.6.
??? ??? ??? ???
?
???
???
???
???
???
Δ?
?
?
???
?
???
??
????
(a)
??? ? ??? ?
?
???
???
???
???
???
Δ?
?
?
???
?
???
??
????
(b)
Figure 3.9: Lateral displacement for Monte Carlo simulations for fixed bed heights
of (a) 0.3 m and (b) 0.5 m for different U/Umf .
The mean bubble velocity was the only difference between cases for the
inputs in the Monte Carlo simulations and, as stated in equations (1.2) and
(1.3), it is a function of the operational conditions. Therefore, a dimensionless
form of the time of flight and lateral displacement was proposed to obtain a
collapse of Monte Carlo results for all the cases. The dimensionless form for the
time of flight, τ , obtained from equation (3.4) is expressed in equation (3.6),
as a function of the mean bubble velocity and the average of the square of the
cosine for all the ejection angle distribution, calculated by the simulations. The
value obtained for such average is 0.823 and is in good agreement with that
obtained experimentally.
τ = tf2 · UB · 0.823/g (3.6)
In the case of the lateral displacement, the dimensionless form used, ψ,
can be obtained from equation (3.5). The object velocity was expressed in
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equation (3.7) as a function of the mean bubble velocity and the average of
the cubic of the cosine times the sine for all ejection angles obtained from the
simulations. The value obtained for that average is 0.182.
ψ = Δx2 · U2B · 0.182/g
(3.7)
The probability density function of the dimensionless form of the time of
flight (equation (3.6)), calculated by the Monte Carlo simulations, is plotted in
Figure 3.10(a). The data obtained shows a Gaussian distribution with a mean
value of 1.00 and standard deviation of 0.44. The results converge for all cases to
the same curve. In the case of the lateral displacement, the probability density
function of the results of the dimensionless form using equation (3.7) is plotted
in Figure 3.10(b). The results correspond with an exponential distribution
with a rate parameter of 1.10. The figures show a good agreement between the
proposed distributions and the Monte Carlo results. Again, the results for all
cases collapsed to the same curve.
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Figure 3.10: Probability density functions of (a) dimensionless time of flight and (b)
dimensionless lateral displacement.
3.4 Discussion
The Monte Carlo simulation and the experimental results were compared in
order to validate the proposed model employing the dimensionless form for
the time of flight and the lateral displacement respectively. The comparison
between the experimental results and the Monte Carlo simulations of the di-
mensionless form of the time of flight is plotted in Figure 3.11 for different
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dimensionless gas velocities and fixed bed heights. The simulation results are
plotted only once since the distributions are identical for all cases, as stated
in the previous section. The simulation and the experimental results for the
dimensionless form of the time of flight shows a general good agreement. Fur-
thermore, τ = 1 represents quite well the median values of the results for the
proper circulation behavior cases. The experimental results show a small dis-
crepancy for lower gas velocities, where the median values are slightly larger
than unity. This effect may be attributed to the vertical difference between the
initial and final position in the ballistic motion, linked to the flotsam behavior
of the object at these velocities.
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Figure 3.11: Dimensionless time of flight comparison between experimental and
Monte Carlo results for fixed bed heights of (a) 0.3 m and (b) 0.5 m for different
U/Umf .
Figure 3.12 shows the dimensionless results of the lateral displacement, ob-
tained experimentally and simulated using the Monte Carlo model for differ-
ent dimensionless gas velocities and fixed bed heights. Again, the simulation
results are plotted only once since the distributions are identical. The dimen-
sionless forms show a general good agreement between the simulation and the
experimental results for the proper circulation behavior. Furthermore, ψ = 1
represents quite well the median value of the results. The tendency to larger
dimensionless displacements for lower gas velocities is similar to that observed
for the time of flight, and can be attributed to the flotsam behavior of the object
at these velocities.
The values of the dimensionless form of the time of flight and the lateral
displacement obtained from the Monte Carlo simulations are in good agreement
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with the experimental results for neutrally-buoyant objects (U/Umf ≥ 2.5).
Therefore, the time of flight and the lateral displacement of a large object
motion in the freeboard can be calculated only as a function of the operational
conditions of the fluidized bed with high accuracy.
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Figure 3.12: Dimensionless lateral displacement comparison between experimental
and Monte Carlo results for fixed bed heights of (a) 0.3 m and (b) 0.5 m for different
U/Umf .
For a better estimation of the flotsam behavior cases, new Monte Carlo sim-
ulations were run considering the vertical differences between initial and final
position of the ballistic path. These vertical differences were set using the me-
dian values obtained experimentally and showed in Figure 3.7. This vertical
difference was positive for the cases of flotsam behavior, therefore a larger time
of flight and lateral displacement were obtained, according to equations (3.3)
and (3.5). In Figure 3.13 and Figure 3.14 the comparison between the experi-
mental results and the Monte Carlo simulations for τ and ψ are plotted for the
flotsam cases.
For both parameters the comparison between the experimental results and
the Monte Carlo simulations show a better concordance when considering the
vertical difference between the initial and final position of the parabolic motion.
The results presented from Figure 3.11 to Figure 3.14 showed that the ex-
perimental data for the time of flight and the lateral displacement could be
simulated with different levels of accuracy and simplicity. A first approxima-
tion can be obtained using τ = 1 and ψ = 1. This gives good approximations
for the representative values of the time of flight and lateral displacement but no
information about the probability density function. Another, more accurate,
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Figure 3.13: Comparison of the dimensionless time of flight between experimental
and Monte Carlo results for fixed bed heights of (a) 0.3 m and (b) 0.5 m for the
flotsam cases.
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Figure 3.14: Comparison of the dimensionless lateral displacement between exper-
imental and Monte Carlo results for fixed bed heights of (a) 0.3 m and (b) 0.5 m for
the flotsam cases.
approximation is to employ the Gaussian distribution for the time of flight,
given by a mean value and a standard deviation of 1.00 and 0.44 respectively.
In the case of the lateral displacement, the probability density function is de-
fined with a rate parameter of the exponential distribution, equal to 1.10. A
third approximation is to perform the Monte Carlo simulations following the
simple model established in section 3.3.3. This will give reliable probability
density functions for the two parameters. Finally, if a high accuracy is needed
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when describing the ejection of flotsam objects, the vertical differences between
the initial and final position of the ballistic path should also be considered in
the Monte Carlo simulations, whereas these differences are negligible for objects
with a proper circulation throughout the bed.
3.5 Conclusions
This chapter shows experimental and simulation results for the motion of a
large and non-reacting object in the freeboard of a 2-D bubbling fluidized bed.
A tracking technique was developed in order to study its motion. Several exper-
imental conditions were employed, varying the gas velocity and the fixed bed
height. Two different behaviors of the object were studied, employing a flotsam
object. The motion was characterized and compared to a ballistic behavior
described by the modulus and angle of the ejection velocity. The first one was
related with the mean bubble velocity times the cosine of the ejection angle,
showing a Gaussian distribution with a mean value around unity. On the other
hand, the ejection angles are in the range of 0 and 55◦. The experimental data
showed an exponential decrease of the probability of the ejection angle when
the angle increases. The time of flight and the lateral displacement of a large
object while it is in the freeboard were obtained directly from the experimental
data. For both parameters, a linear increment when increasing the gas velocity
was observed. The median of the time of flight ranges from 0.17 to 0.30 s, while
the median of the lateral displacement obtained varied from 0.03 to 0.1 m. The
vertical difference between the initial and final position of the ballistic path was
also calculated showing differences between lower and higher dimensionless gas
velocity, according to the different behavior of a flotsam object when increasing
the gas velocity.
A Monte Carlo model was developed based on the kinematic equations of
the ballistic motion and the probability distribution for the modulus and an-
gle of the object ejection velocity obtained from the experimental results. The
Monte Carlo simulations were run for 105 objects for each experimental config-
uration, obtaining the time of flight and lateral displacement for each case. A
dimensionless form based on the mean bubble velocity, operational conditions
of the bed, and average values of the ejection angle distribution was used to
compare the time of flight and lateral displacement between the experimen-
tal results and the Monte Carlo simulations. The dimensionless forms showed
small discrepancies for lower gas velocities, associated with the flotsam object
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behavior.
Finally, three different approximations are proposed to calculate the time
of flight and lateral displacement. The approximations described the object
motion in the freeboard with different degrees of accuracy.
Notation
g Gravity [m·s−2]
hfb Fixed bed height [m]
p (θ) Probability density function for the ejection angle [−]
tf Experimental time of flight [s]
tf,MC Simulation time of flight [s]
U Superficial gas velocity [m·s−1]
UB Bubble velocity [m·s−1]
Umf Minimum fluidization velocity [m·s−1]
Uobj Modulus of the object ejection velocity [m·s−1]
Uobj Mean value of the modulus of the object ejection
velocity [m·s−1]
Uobj,MC Modulus of the object ejection velocity obtained by
simulation [m·s−1]
Voy,MC Vertical component of the object ejection velocity obtained
by simulation [m·s−1]
∆x Experimental lateral displacement in the x-direction [m]
∆xMC Simulation lateral displacement in the x-direction [m]
y Vertical position of the object [m]
∆y Vertical difference between the initial and final position of
the object in the ballistic path [m]
τ Dimensionless form of time of flight [−]
θ Ejection angle [deg]
θMC Ejection angle obtained by simulation [deg]
ψ Dimensionless form of lateral displacement [−]
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4.1 Introduction
The motion of a large neutrally-buoyant and non-reacting object immersed
in a 2-D bubbling fluidized bed was modeled and simulated using a Monte
Carlo method. The characteristics of the object vertical trajectory inside the
dense bed were established for a range of dimensionless gas velocities using a
simple 1-D model. The main parameters that define the object motion were
obtained, either from experiments of previous works or from new experiments
for this purpose. Then, the 1-D trajectory was determined using the Monte
Carlo method, and the main parameters of the object motion obtained from
the simulations were compared with experimental evidence. On a second step,
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the time scale of the motion is introduced in the simulated data by means of the
object sinking and rising velocities, obtained as a function of well-known 2-D
correlations for the bubble and dense phase velocities. The circulation time
of an object, from the instant when it leaves the freeboard and sinks in the
dense bed till the moment it reappears back on the surface, was then obtained
and compared with experimental data. Finally, the Monte Carlo model was
extrapolated to a 3-D fluidized bed and the validity of the extrapolation was
discussed based on experimental measurements of the circulation time in a lab-
scale 3-D fluidized bed.
4.2 Experimental setup
Some experimental or theoretical results are needed to provide inlet data for the
Monte Carlo simulations and to validate the simulation results. This is achieved
by referring to experiments and to well-known correlations in the literature
presented in Chapter 1. Nevertheless, some experiments have been carried out
to cope with specific aspects.
A detailed description of the measurement techniques can be found in sec-
tions 2.3.1 and 2.3.3. In this section, a brief description of the experimental
procedure is presented.
The experimental facilities employed in this chapter consisted of two bub-
bling fluidized beds: a 2-D bed with a thickness of 0.010 m, and a lab-scale 3-D
bed, which characteristics were described in sections 2.1 and 2.2 respectively.
The height of the fixed bed was 0.5 m for the 2-D bed and 0.192 m for the
3-D lab-scale bed, corresponding to an aspect rate of one in both cases. The
bed material for both experimental facilities was spherical ballotini particles,
with a diameter range of 600-800 µm and the bed density was 1560 kg/m3.
The object used during the tests was that with cylindrical shape and covered
with strontium aluminate, being its density equal to 1508 kg/m3. Thus, the
buoyancy effects could be considered negligible, and the object is further re-
ferred to as neutrally-buoyant. The dimensionless gas velocity employed during
the 2-D experiments was set to 2, 2.5 and 3, while during the tests in the 3-D
lab-scale was 2 and 2.5 since the highly vigorous fluidization for U/Umf = 3
prevented the accurate detection of the object in the splashing zone. Table 4.1
provides general information about the experimental setup used during the test
presented in this chapter.
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Table 4.1: General information about the experimental setup.
2-D bed facility
Bed height [m] 2
Bed width [m] 0.5
Bed thickness [m] 0.010
Fixed bed height [m] 0.5
Minimum fluidization velocity (Umf ) [m/s] 0.32
Dimensionless gas velocity (U/Umf ) [-] 2; 2.5; 3
3-D bed facility
Bed height [m] 1
Bed diameter [m] 0.192
Fixed bed height [m] 0.192
Minimum fluidization velocity (Umf ) [m/s] 0.25
Dimensionless gas velocity (U/Umf ) [-] 2; 2.5
Bed material (in both beds): ballotini particles
Particle diameter [µm] 600-800
Skeletal density [kg/m3] 2500
Bulk density [kg/m3] 1560
Object
Length [m] 0.019
Diameter [m] 0.0064
Density [kg/m3] 1508
4.3 Monte Carlo simulation
4.3.1 Numerical method
A 1-D model was developed, based on two external parameters obtained exper-
imentally: i) the probability of an object in a rising path to arrive at the surface
of the bed directly by the action of a single bubble, p, and ii) the probability of
the object to start a rising path when arriving to a certain depth, q (dj). The
bed height was divided in 10 slices of 0.05 m, between a position defined by the
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fixed bed height (depth=0) and the bottom of the bed (depth=0.5 m).
A Monte Carlo method was used to simulate the vertical trajectory of the
object, employing as input data the statistical parameters. The simulation was
run for 107 objects. The procedure is schematized in Figure 4.1. The first object
(o = 1) starts to sink and arrives to the first slice (j = 1), where two possibilities
appear: to continue sinking or to start a rising path. Thus, a random number
between 0 and 1 is generated, Nq. Then, the object continues sinking to the
next slice (j = j + 1) if the number is greater than the probability of starting
a rising path in this slice q(dj). In that case, another random number, Nq, is
generated and the process is repeated. But if the random number is less than
or equal to q(dj), the object starts a rising path. In order to state whether the
object reaches the bed surface during that rising path or not, a new random
number, Np, between 0 and 1 is generated. Its value is compared with the
average probability of an object to get directly to the bed surface, p, in that
rising path. A value of Np less than or equal to p means that the object reaches
directly the bed surface, so the cycle is completed and another object (o = o+1)
is simulated. Nevertheless, if Np is greater than p, the object is considered to
detach from the bubble before reaching the bed surface, in a position i between
slice j and 1, and a new sinking process begins.
Object starts a rising 
path
(Nq ≤ q(dj))?
Calculate  i by
3 methods
YES
NO
YES
NO
Random 
Number (Nq)
Object reaches the 
freeboard
(Np ≤ p)?
Random 
Number 
(Np)
j=j+1
o=1
o=o+1
j=1
Object (o)
Position (j)
j=i
Figure 4.1: Scheme of the Monte Carlo model.
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4.3.2 Inlet data
The Monte Carlo simulation was based on some inlet data, which were obtained
from experimental results reported in the literature, new experiments or well
established models. The inlet data required for the model are:
• the probability of an object to reach the bed surface by the action of a
single bubble when starting a rising path, p,
• the probability of the object to start a rising path when arriving to a
certain depth q (dj),
• a parameter that establishes at which position, i, the object is detached
in its rising path when it is not able to reach directly the bed surface, and
• the sinking and rising velocities of the object.
The first three parameters allow to run the Monte Carlo simulation of the
1-D trajectories. The object velocities are used to determine the time scale of
each rising and sinking trajectory. The values of p and q(dj) can be obtained
experimentally. The detaching position of the object in the rising path, i, was
modeled using different approaches and the results were compared in order to
state the influence of the different assumptions. The object rising and sinking
velocities are referred to the mean bubble and dense phase velocities obtained
from well-known correlations.
The probability of an object to reach directly the surface, p, was experi-
mentally obtained for a 2-D bed by Soria-Verdugo et al. (2011), as previously
described in detail in section 1.2. The probability density function of the num-
ber of jumps, Njumps, was found to follow a geometric law in the form of
equation (1.4).
When an object starts a rising path with a bubble, there is a probability to
reach the bed surface directly in that path and a complementary probability to
detach from that bubble before arriving to the surface, starting a new sinking
path. The form of the probability density function in equation (1.4) permits to
consider the value of such a probability as that of parameter p, being (1−p) the
detaching probability. The parameter p obtained from this geometrical fitting
is a mean parameter for the whole height of the bed, disregarding the depth at
which each jump began. Therefore, the value of p will be considered constant
and equal to 0.45.
The probability of starting a rising path when arriving to a certain depth,
q(dj), was experimentally obtained for the 2-D bed conditions stated in section
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4.2, dividing the bed height in ten slices of 0.05 m and determining the prob-
ability of the object to start a rising path at these discrete depths, dj . The
probability of an object to start a rising path in each slice is plotted in Figure
4.2. The depth of the bed was defined with origin at the fixed bed height,
thus a height of 0.5 m corresponded to a depth of 0 m. The discrete depth,
dj , is presented in dimensionless form using the fixed bed height, hfb, being
0 the surface of the bed and 1 the bottom. It was observed that the average
probability of starting a rising path was a constant approximately equal to 20%
for most of the bed and then sharply increased up to 100% at the bottom of
the bed, where an object can only start a rising path. The probability of the
object to start a rising path at each discrete depth, q(dj), was normalized to
obtain the probability of starting a rising path for a continuous depth, q (d).
This normalized probability of starting a rising path for any depth is expressed
in equation 4.1.
0 0.2 0.4 0.6 0.8 1
0
0.2
0.4
0.6
0.8
1
d
j
/h
fb
 [−]
P
ro
ba
bi
lit
y 
of
 s
ta
rti
ng
 a
 ri
si
ng
 p
at
h 
[−
]
Figure 4.2: Probability of an object to start a rising path for each depth.
q(d) = 0.671 exp(−0.343d/hfb) + 0.002 exp(7.57d/hfb) (4.1)
where d is the continuous depth and hfb the fixed bed height.
Finally, the parameter i that establishes the position where the object is
detached in its rising path should be obtained. This parameter is unknown
and the present experiments cannot supply sufficient statistics for a proper
characterization. Therefore, several limit cases have been defined. These cases
are not used as facts but as limits. An object that rises but do not get to the
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surface of the bed directly might detach from the bubble that is raising it i)
with equal probability anywhere in the rising path, ii) with more probability
at the beginning of the rising path. The actual process should be somewhere
between these two limits.
Therefore, in a first case that will be called random loss case, the probability
of the object to detach from the bubble is considered constant for each i position
between the position where the object starts to rise, j, and the first position
underneath the freeboard (j = 1). The second assumption will be divided in
two cases to account for some differences when the rising path begins in the
first upper slice. Therefore, in a second case, called maximum loss 1, the object
was supposed to detach from the bubble immediately (at position j−1), except
for the particular case of j = 1 where the object should remain in the same
slice (j = 1). Here, a small variation can be considered, giving a third case
called maximum loss 2. In this case, the object was supposed to detach from
the bubble at position j−1 for any initial rising position, even for j = 1. Thus,
in these case, an object that starts to rise in j = 1 will arrive to the bed surface
with a probability of 100%. This contradicts the statement made for p, but was
found to be a useful assumption. Equations (4.2) to (4.4) show the three cases:
Random loss : i = random [1, j] (4.2)
Maximum loss 1 : i =
{
j − 1 j 6= 1
j j = 1
(4.3)
Maximum loss 2 : i = j − 1; ∀j (4.4)
where i is the position where the object is detached in its rising path and j
denotes the slice number.
The object trajectories can be obtained using a Monte Carlo method once
the values of p, q(dj) and i are known. But a time scale was not yet available
for the proper evaluation of the simulation. This time scale can be introduced
by means of a characteristic sinking and rising object velocity for each bed po-
sition. The sinking velocity for a neutrally-buoyant object can be considered
equal to the dense phase downwards velocity, which can be obtained using the
Kunii & Levenspiel (1991) correlation. The bubble velocity was estimated using
the correlation of Davidson & Harrison (1963) and the Shen et al. (2004) corre-
lation for the bubble diameter. These correlations are formulated in Chapter 1
in equations (1.1), (1.2) and (1.3) respectively. For these PhD thesis it was
assumed that the rising velocity of a neutrally-buoyant object is 20% the mean
bubble velocity, as obtained by the previous works reviewed in section 1.2.
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4.3.3 Validation
The numerical method was run for 107 objects and some comparisons were
made in order to validate the procedure. First, it should be established that
the number of objects was sufficient for proper statistics. Figure 4.3 shows the
median of the circulation time of an object, defined as the time between the
moment when the object leaves the freeboard and that when it reaches back
to it, obtained for different runs of the numerical computation as a function
of the number of objects used in the calculation. The results showed that a
convergence can be ascertained for a number of objects larger than 106. There-
fore, the number of objects employed in this study, 107 objects, can be said to
provide proper statistical results.
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Figure 4.3: Median of the circulation time as a function of the number of objects
used for the simulation.
The probabilities p and q(dj) were also obtained from the Monte Carlo sim-
ulation data for validation purposes and to determine the effect of the deviation
introduced by the assumption in the maximum loss 2 case on the value of p.
The results for q(dj) fit exactly the experimental data shown in Figure 4.2.
The results for the random loss case and the maximum loss 1 case represent
exactly the geometric law with p = 0.45, whereas the deviation that the max-
imum loss 2 case produced can be observed in Figure 4.4. The experimental
data for a neutrally-buoyant object at U/Umf = 2.5 presented in Figure 1.2 in
Chapter 1, the geometric law represented in equation (1.4) with p = 0.45, and
the results of the simulation for the maximum loss 2 case are plotted together
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in Figure 4.4. The results showed that a minor effect exists as the j = 1 condi-
tion increases the probability for Njumps = 1, but it still fits properly with the
experimental results, and notably better for the probability of Njumps = 1.
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Figure 4.4: Probability of a certain number of jumps occurring in a cycle.
4.4 Results and discussion
The Monte Carlo simulation provides a complete temporal description of the ob-
ject trajectories within the bed. In this section, simulation results will be com-
pared with independent experimental results in order to establish the model
accuracy representing the object motion inside the dense bed. First, some
parameters of the object motion will be compared with experiments already
presented in section 1.2, and then the circulation time distribution will be pre-
sented and compared with experimental results in a 2-D bed and with new
experimental data obtained in the lab-scale 3-D bed presented in section 2.2.
4.4.1 Object motion inside the dense bed
The probability of finding an object at a certain height and the probability of
an object to attain a certain maximum depth in a cycle, were experimentally
obtained as characteristic parameters of the object motion by Soria-Verdugo
et al. (2011) and reviewed in section 1.2. The former parameter identifies the
capability of the fluidized bed to circulate the object throughout the whole
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bed and the latter characterized the object cycles. In this section, both prob-
abilities were calculated from the Monte Carlo results and compared with the
experimental data.
The procedure for calculating the probability of finding an object at a certain
height from the numerical results tried to reproduce the experimental procedure.
The acquisition frequency in the experimental tests was set to 1.4 fps and
the bed height was discretized in 10 slices. The experiments show the actual
position of the object in intervals of 0.71 s (1/1.4 fps), but the Monte Carlo
results give the position of the object in each passing slice, independent of the
time that the object remains in it. Then, the probability of an object to be at a
certain height can be calculated from the Monte Carlo object trajectory using
the local velocity of the object, obtained from the local dense phase velocity or
the bubble velocity. In order to compare both probabilities, the experimental
and the simulation, the position of the object obtained by the simulation was
interpolated for each 0.71 s.
These results are shown in Figure 4.5(a) for the three simulation cases. A
general good agreement between experiments and simulations and a similar
tendency for the three cases can be observed. At the bottom of the bed and
up to a height of 0.3 m, all the results show a similar tendency of increasing
probability with height, however the simulations give a smaller value than the
experimental data. On the other hand, for heights greater than 0.3 m, the
experimental data shows an almost constant probability with height while the
simulation data show a continuous increase. This deviation indirectly affects
the values at the bottom of the bed, the results being a probability density
function.
The probability of the object to attain a certain maximum depth in a cycle
is plotted in Figure 4.5(b). The maximum depth attained, dm, is presented
in dimensionless form with the fixed bed height, hfb, being 0 at the surface
of the bed and 1 at the bottom. The previous experimental results showed a
parabolic fitting which is presented in the graph. Once again, a similar tendency
is observed for the simulated results, but some discrepancies are found near the
bed surface. The results show a minimum of the probability around a depth of
0.3 m for all cases, with values between 0.05 and 0.08, whereas at the bottom
of the bed the probability increases to values between 0.12 and 0.15. For low
depths the experimental data show higher probabilities than the simulation,
except for the particular case of the result for the maximum loss 2 case in the
first slice, where the results are in good agreement with the experimental data.
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Figure 4.5: Probability of (a) finding the object at a certain height and (b) attaining
a determined maximum depth in a cycle.
It should be noted that the main difference between the maximum loss 2 case
and the other two cases is that an object starting a rising path at the first slice
is forced to reach the bed surface in the maximum loss 2 case, whereas it has a
probability of 55% of remaining in the cycle for the other two cases. Therefore,
it may be stated that the behaviour near the freeboard may differ from that in
other regions, and thus from the mean values obtained by the model, weakening
the model and causing such differences.
4.4.2 Circulation time (2-D case)
In this section, the circulation time of a neutrally-buoyant object immersed in
the dense bed was calculated using the Monte Carlo results and compared with
the independent experimental data measured in Soria-Verdugo et al. (2011).
The circulation time could be calculated from the information provided by the
simulated object trajectories with the addition of the time scale information.
This is introduced using well-known correlations for the dense phase and bubble
velocities, as established in the Monte Carlo simulation section 4.3. For all the
objects simulated, the process starts in the first slice (j=1) and finishes at the
freeboard, thus the circulation time is defined as the time that the object spends
to complete a cycle. The statistical results for the circulation time distribution
are presented using box plots. In a box plot, the distribution of the data
is represented by several statistical parameters and outlying data. The data
comparison was made for three experimental cases defined by the same object
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and bed characteristics but a varying dimensionless gas velocities, with values
of 2, 2.5 and 3. The results are plotted in Figure 4.6, comparing the previous
experimental results with the data obtained for the random loss case simulation.
The data of the other cases is not presented in Figure 4.6, since no significant
differences were found between those cases and the random loss case.
The results obtained in the simulation were in agreement with the experi-
mental data either for the general tendency with gas velocity and for each of
the three dimensionless gas velocity cases analyzed. The simulation was run for
107 objects. The number of outliers of the circulation time generated for this
amount of objects cannot be compared with the number of outliers obtained
in the experimental data, where just 1200 cycles are observed. Therefore, no
outliers were plotted for the simulation results. Instead of that, the circula-
tion time that has the same probability as an outlier in the experimental case
(1/1200) was plotted for comparison.
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Figure 4.6: Circulation time for different U/Umf in the 2-D fluidized bed.
4.4.3 Circulation time (extrapolation for a 3-D case)
In order to evaluate the validity of the 1-D model established in this work for
more complex configurations, a simulation was run considering a 3-D bed. The
procedure used for simulating the 3-D case is similar to that used in the 2-D
case. The only difference was the equation used for the bubble diameter. The
correlation of Darton (Darton et al., 1977), presented in equation (4.5) was used
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for the 3-D case, while Shen correlation was used for the 2-D case.
DB =
[
0.54 (U − Umf )0.4
(
hfb + 4
√
A0
)0.8]
g0.2
(4.5)
where the bubble diameter, DB , is a function of the gas velocity, U , the min-
imum fluidization velocity, Umf , the fixed bed height, hfb, the area of the
distributor per number of orifices, A0, and the gravity, g.
The results were compared with experimental data obtained in the lab-
scale 3-D fluidized bed presented in section 2.2. The experimental results were
obtained recording the freeboard with a zenith point of view of the camera, and
then measuring the time lapse between the moment when an object disappears
from the surface of the bed and the moment when it appears again on the
surface. The tests were made for dimensionless gas velocities of 2 and 2.5. For
a dimensionless gas velocity of 3, the object was not clearly detected in the
surface due to the amount of dense phase present in the freeboard because of
intense bubble eruptions.
The results of the simulations and the experiments were compared for di-
mensionless gas velocity of 2 and 2.5 and plotted in Figure 4.7. The simulations
are shown only for the random loss case, the other two cases giving, again, very
similar results. The results show a good agreement, although a wider range of
dimensionless gas velocity should be analyzed. The circulation time shows a
slight decrease for increasing dimensionless gas velocities, similarly to the 2-D
case. The simulation for the 3-D case might therefore be considered consistent.
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Figure 4.7: Circulation time for different U/Umf in the 3-D fluidized bed.
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4.5 Conclusions
In this chapter, a one dimensional model has been proposed to describe the
motion of a neutrally-buoyant object in a 2-D bubbling fluidized bed for different
dimensionless gas velocities. The model is based on a Monte Carlo method using
three representative parameters and the results of the simulation were compared
with some experimental data.
The model describes the vertical trajectories of an object inside the dense
bed, using statistical parameters to simplify the complex rising and sinking
processes. The sinking process is defined by the probability of an object at a
certain depth to start a rising path, a parameter that is depth dependent. The
rising process is characterized by the probability of a rising object to reach the
bed surface in that rising path and, otherwise, its probability of stopping rising
and starting a new sinking path at a given depth. These parameters can be
modeled, obtained from the literature or from 2-D experiments.
The validity of the simulation was tested by comparing its results with
experimental results for some independent characteristics of the object motion.
With such a purpose, the probability distribution for finding an object at a
certain height and the maximum depth attained by the object in a cycle were
obtained experimentally and calculated from the raw experimental data. The
comparison showed in both cases an overall agreement and a similar tendency
with depth, while some discrepancies appeared near the bed surface.
The circulation time of an object inside the dense bed was calculated using
the model results and the velocities of the object in order to introduce a time
scale in the vertical trajectories. These velocities were calculated using typical
correlations for the dense phase and bubble velocities in a 2-D fluidized bed.
The results were compared with the experiments, showing similar values for all
dimensionless gas velocities.
Finally an extrapolation for a 3-D fluidized bed was made, using the same
simulation process as for the 2-D case, extrapolating the validity of the three
statistical parameters that determined the sinking and rising behaviour, but
employing a 3-D correlation for the bubble diameter. The comparison of the
circulation time obtained by the method with the measurements showed a good
agreement, similar to that obtained for the 2-D case.
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Notation
A0 Area of the distributor per number of orifices [m2]
d Depth in the bed (continuous variable) [m]
DB Bubble diameter [m]
dj Depth of the different slices (discrete variable) [m]
dm Maximum depth attained by the object [m]
g Gravity [m·s−2]
hfb Fixed bed height [m]
i Parameter that establishes at which position the object is
detached in its rising path [−]
Njumps Number of jumps in a cycle [−]
Np Random number [−]
Nq Random number [−]
p Probability of an object to get the bed surface by the action
of a single bubble [−]
q (d) Probability of the object to start a rising path for a contin-
uous depth [−]
q (dj) Probability of the object to start a rising path when arriving
to a certain depth [−]
U Superficial gas velocity [m·s−1]
Umf Minimum fluidization velocity [m·s−1]
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Monte Carlo simulations of fuel particle
motion in a 3-D large-scale fluidized bed
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5.1 Introduction
In this chapter, a Monte Carlo global model was proposed to characterize the
fuel particle motion throughout a large-scale 3-D bubbling fluidized bed. The
model describes the global motion of a neutrally-buoyant fuel particle in the
bed, analyzing its behavior both in the freeboard and inside the dense bed. The
model was validated using experimental results reported in the literature of the
lateral mixing of fuel particles in a large-scale 3-D bubbling fluidized bed. The
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lateral displacement and the residence time, both in the freeboard and inside
the dense bed, were obtained from the model. From those data, the lateral
dispersion coefficient of the fuel particle was determined. The influence of the
operational conditions on the lateral dispersion coefficient and on the maximum
lateral distance reached by a fuel particle for different residence times in the
bed, was also analyzed. Finally, an optimal distance between feeding ports,
defined to ensure a suitable fuel distribution, was obtained.
5.1.1 Experimental work employed for the validation
The results obtained from the Monte Carlo model employed to characterize
the motion of a fuel particle in a large-scale fluidized bed were validated with
an experimental work reported in the literature by Olsson et al. (2012). In
this section, this experimental work is described in detail since some of their
characteristics were used in the model proposed in this PhD thesis.
The lateral mixing of fuel particles was analyzed in a large-scale bubbling
fluidized bed. In fluidized beds, the bubble motion produces mixing vortices of
dense phase particles around its preferential paths. In 3-D beds, this motion
produces toroidal flows of dense phase, whose characteristics depend on the
operational conditions, the pressure drop of the distributor and the characteris-
tics of the bed material (Pallarès et al., 2007). These mixing vortices generated
around the bubble paths are called mixing cells and the exchange of particles
between them produces the lateral mixing of particles. This phenomenon is
similar for the lateral mixing behavior of a large object such as a fuel particle.
The exchange of fuel particles between different mixing cells can be produced
in the freeboard, during the ejection of the fuel particle by the bubbles, or in-
side the dense bed, as stated by Pallarès et al. (2007) and Olsson et al. (2012),
following the mechanism that they defined as bubble wake mixing and emulsion
drift sinking of the dense phase material. The experimental work presented by
Olsson et al. (2012), analyzed the lateral mixing of fuel particles based on this
phenomenon.
The tests were performed at ambient conditions in a bubbling fluidized
bed with a cross sectional area of 1.44 m2, with rectangular shape, in the
Chalmers indirect gasifier. The bed material was silica sand particles with
a density of 2600 kg/m3 and an average particle size of 150 µm. The fixed
bed height was 0.4 m, obtaining a minimum fluidization velocity of 0.02 m/s.
Two dimensionless gas velocities, U/Umf , were employed by the authors in the
experiments: 5 and 7.5. During the tests, two types of fuel particles, wood chips
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with a density of 523.5 kg/m3 and bark pellets with a density of 1178.6 kg/m3,
were tracked. The fuel particles were covered with a phosphorescent plastic and
recorded from above the bed surface using a CCTV camera at an acquisition
frequency of 25 fps. Therefore, the position of the fuel particles in the plane XY
over the bed surface was obtained directly from the image. The tracer particles
were fed through a sampling port as a single particle or as a batch, formed by
14-20 particles. The mixing cells generated by the bubble paths are 12 in the
x-direction and 5 in the y-direction, in accordance with the arrangement of the
nozzles, with a rectangular shape in the cross sectional area.
Based on these experimental characteristics, the lateral mixing of fuel par-
ticles was analyzed. Olsson et al. (2012) calculated the lateral dispersion co-
efficient employing the Einstein equation (Einstein, 1956), presented here in
equation (5.1):
Dk =
∑M
i=1
(
γ2k/2tc
)
i
M
k = x, y (5.1)
where Dk is the lateral dispersion coefficient in the k-direction, γk the lateral
displacement in the k-direction and tc is the global cycle time.
The mean lateral dispersion coefficient was determined for the batch exper-
iments by averaging the individual values over a time interval between 1 and
7 min. If the fuel particle hit the walls at any moment before 7 min, just the
values up to that instant were considered in order to avoid wall effects.
In addition to the lateral dispersion coefficient, other parameters were char-
acterized experimentally by Olsson et al. (2012) in order to analyze the lateral
mixing of fuel particles in a large-scale fluidized bed. The presence of the fuel
particle at the bed surface in a time interval after the instant of its feeding to
the bed was determined. The number of times that the particles were detected
at the surface of each mixing cell was obtained over a time interval of 7 min
employing an acquisition frequency of 25 fps. The experiments were performed
for a batch of wood chips at U/Umf = 7.5. Then, the cumulative probability
of observations at the bed surface per unit of area of mixing cell was obtained.
Finally, the ratio of time that a single particle of wood chip spent inside the
dense bed to the total time, represented by the sum of the time inside the dense
bed and in the freeboard, was determined for U/Umf of 5 and 7.5. Analogously,
the ratio of the lateral displacement occurring inside the dense bed to the total
lateral displacement, considering together the motion inside the dense bed and
in the freeboard, was also calculated for both dimensionless gas velocities.
The lateral dispersion coefficient, the cumulative probability of observa-
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tions and the ratio of time and lateral displacement, obtained experimentally
by Olsson et al. (2012), were used to validate the Monte Carlo global model
proposed in this chapter.
5.2 Theoretical Model
A model based on Monte Carlo simulations is proposed to characterize the
overall motion of a fuel particle in a 3-D fluidized bed. The global motion can
be divided in two sub-motions: i) a motion of the fuel particle immersed in
the bed and ii) a motion of the fuel particle in the freeboard. The different
behaviors were studied in separated sub-models in Chapter 3 and Chapter 4,
and in this chapter these sub-models were combined to generate a global model
capable of describing the whole motion of fuel particles in fluidized beds.
5.2.1 Vertical motion inside the dense bed
The vertical motion of a fuel particle when it is immersed in the bed was
described in detail in Chapter 4 with a 1-D Monte Carlo model. The model
was based on three external parameters: i) the probability of a fuel particle to
start a rising path when it is in a sinking process, q(d), ii) the probability of
a fuel particle to reach directly the bed surface when it starts a rising path,
p, and iii) a parameter, i, that establishes the depth where the fuel particle
detached from the bubble, ending its rising path prior to arrive to the bed
surface. The probability of the fuel particle to start a rising path depends on
the depth. This dependence was analyzed in Chapter 4 and it is presented in
equation (4.1). On the other hand, the probability of a fuel particle to reach
directly the bed surface was p = 0.45, as can be observed in the experimental
results of the previous works described in Chapter 1. Finally, the assumption
for the parameter i, was that the fuel particle was detached from the bubble
in the position immediately before the one where the rising path started. This
assumption provided a good agreement with the experimental data, as stated
also in Chapter 4.
From the parameters described above, the vertical trajectory of a fuel par-
ticle for each cycle was obtained. Nevertheless, to obtain a time scale char-
acterization, the sinking and rising velocities of the fuel particle were needed.
The methodology followed to determine the sinking and the rising velocities of
the fuel particle was the same than that described in previous chapters. The
sinking velocity was associated with the dense phase downwards velocity using
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the Kunii and Levenspiel correlation (Kunii & Levenspiel, 1991). Whereas, the
fuel particle velocity in the rising path was related with 20% the mean bubble
velocity as stated in Chapter 1. The bubble diameter in a 3-D fluidized bed
was calculated using the Darton equation (Darton et al., 1977) and the bubble
velocity was obtained using the Davidson and Harrison correlation (Davidson
& Harrison, 1963).
Once the velocity of the fuel particle and its vertical trajectory was deter-
mined, the circulation time needed for the fuel particle to complete a cycle inside
the dense bed, was calculated. Furthermore, the maximum depth reached by
the fuel particle in each cycle was also determined. Thus, the outputs of the
model inside the dense bed are the circulation time and the maximum depth
reached by the fuel particle in each of the N simulated cycles.
5.2.2 Freeboard motion
The motion of a fuel particle in the freeboard of the bed has been characterized
for different bed conditions, dimensionless gas velocities and fixed bed heights,
in Chapter 3. The fuel particle motion in the freeboard was proved to be a
ballistic motion, only affected by gravity, and defined by the ejection velocity
of the fuel particle, characterized by the modulus and the ejection angle, angle
between the velocity direction and the vertical axis. The results obtained from
the experiments carried out in Chapter 3 showed a probability function for the
ejection angle expressed by an exponential distribution. The modulus of the
mean ejection velocity of the fuel particle was found to be related to the mean
bubble velocity times the cosine of the ejection angle. The dimensionless ratio
of the modulus of the ejection velocity to the bubble velocity times the cosine
of the ejection angle showed a Gaussian distribution with a mean of 1.00 and
standard deviation of 0.32. These relations can be observed in equations (3.2)
and (3.1) respectively, presented in Chapter 3.
Once the modulus and the ejection angle of the ejection velocity of the fuel
particle were obtained, the time of flight and the lateral displacement in its
ballistic motion were calculated using the ballistic equations. Those equations
were formulated in Chapter 3 as equations (3.4) and (3.5).
A Monte Carlo model was developed to obtain the time of flight and the
lateral displacement of a fuel particle for N cycles in the freeboard. The inputs
of the simulation were the probability density function of the ejection angle and
the Gaussian distribution of the relation between the modulus of the ejection
velocity of the fuel particle and the bubble velocity. The outputs of the simula-
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tions are N values of time of flight and lateral displacement of the fuel particle
in the freeboard.
5.2.3 Global motion
The Monte Carlo sub-models for the fuel particle motion inside the dense bed
and in the freeboard were combined to describe the global motion of a fuel
particle in a large-scale 3-D fluidized bed using a Monte Carlo global model.
Nevertheless, the lateral behavior of a fuel particle inside the dense bed was
not analyzed in the previous sub-models. Therefore, new assumptions were
implemented in the global model to describe the lateral motion of the fuel
particle when it is immersed in the dense bed. In this way, the global motion
of a fuel particle throughout the bed, both inside the dense bed and in the
freeboard, was completely characterized by the Monte Carlo global model.
The lateral displacement of the fuel particle inside the dense bed was cal-
culated based on the 3-D bed dimensions and the mixing cells distribution
reported by Olsson et al. (2012). In this section, the procedure followed in the
Monte Carlo global model to characterize the global motion of the fuel particle
throughout the bed is explained.
The initial position of a fuel particle is at the surface of the bed. The
fuel particle is submerged inside the dense bed, and its motion is characterized
by the 1-D sub-model described in section 4.3.1 of Chapter 4. Therefore, the
circulation time and the maximum depth reached by the fuel particle in a cycle
were obtained. The lateral displacement of the fuel particle inside the dense
bed was determined in two different cases, depending on the maximum depth
reached by the fuel particle. If the maximum depth is small, the fuel particle
would describe a short cycle inside the dense bed and the position where it
reappears at the bed surface will be near to the position where it sank. On the
other hand, if the fuel particle describes a large cycle inside the dense bed, i.e.
higher depths are reached, it can reappear farther from the sinking point in the
same mixing cell or even in a neighboring mixing cell.
When the maximum depth reached by the fuel particle in a cycle is lower
than the mean bubble diameter at the top of the dense bed, the position where
the fuel particle appears again at the bed surface is calculated from the posi-
tion where it sank into the dense bed. In this case, the lateral displacement
inside the dense bed would be of the order of the diameter of the bubble asso-
ciated to its motion. Thus, the fuel particle emersion position was calculated
using a Gaussian distribution, centered at the sinking point of the fuel particle,
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and assuming that the mean bubble diameter was three times the standard
deviation.
On the other hand, when the maximum depth reached by the fuel particle
inside the dense bed is higher than the mean bubble diameter at the top of the
dense bed, the fuel particle reappears at the bed surface in the same mixing
cell than the sinking point or in a neighboring mixing cell. The probability
of a fuel particle to appear in a mixing cell is inversely proportional to the
distance between the center of each mixing cell and the fuel particle sinking
point. Since the preferential path in a mixing cell is located at the center
(Pallarès & Johnsson, 2006), the fuel particle emersion point was calculated as
a Gaussian distribution centered at the center of the corresponding mixing cell,
with half the lower size of the mixing cell as three times the standard deviation.
In both cases the azimuth angle was assumed to be equiprobable. Therefore,
the position of the fuel particle when appearing at the bed surface is determined
and the lateral displacement inside the dense bed can be calculated. The lateral
displacement inside the dense bed is considered as the distance from the fuel
particle sinking point to the fuel particle emersion position.
The global motion of the fuel particle in the 3-D bed was completed with
the model of the fuel particle motion in the freeboard. The lateral displace-
ment in the freeboard and the time of flight were obtained and the position
where the fuel particle sank was calculated with an equiprobable azimuth an-
gle. Therefore, the global motion of the fuel particle in a 3-D bed was completely
characterized. The outputs of the global model are the positions where the fuel
particle emerged and sank at the bed surface, the circulation time inside the
dense bed and the time of flight in the freeboard. Thus, the displacement in
a global cycle, both inside the dense bed and in the freeboard, was calculated
as the distance between consecutive sinking points and the global cycle time
as the sum of the circulation time and the time of flight. Finally, a number of
global cycles, N , with their respective displacements and times were obtained
for all the fuel particles simulated.
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5.3 Results and discussion
5.3.1 Validation of the model with experimental results
from the literature
The Monte Carlo global model proposed is valid for fuel particles with a neutrally-
buoyant behavior, showing a proper circulation throughout the whole bed and
when it is only affected in the freeboard by gravitational forces. Temperature
changes and chemical reaction are not considered, so the particle properties
and dimension are kept constant during the simulations. The assumptions of
the sub-models and their results have been validated experimentally, as previ-
ously stated in Chapter 3 and Chapter 4. Nevertheless, the assumptions for
the lateral displacement inside the dense bed and the global motion presented
in section 5.2.3 were not validated previously. Therefore, in this section the
results of the Monte Carlo global model were compared with the results ob-
tained experimentally in a large-scale 3-D bubbling fluidized bed by Olsson
et al. (2012).
Comparison of the lateral dispersion coefficient
In order to compare the results reported by Olsson et al. (2012) for the lateral
dispersion coefficient with the results of the Monte Carlo global model, a series
of simulations were carried out following the characteristics of the experimental
procedure. This Monte Carlo simulations were performed using a MatLab R©
algorithm. The statistical distributions for the probability of starting a ris-
ing path at a certain depth, q(d), the probability of reaching the bed surface
directly, p, and the ejection velocity of the fuel particle were the general ones
defined in previous chapters and based on 2-D experiments. On the other hand,
the geometry and the characteristics of the bed and the mixing cells in the sim-
ulations were equal to the experiments reported by Olsson et al. (2012). The
height of the bed was divided in ten slices of 0.04 m in order to characterize the
vertical behavior of the fuel particle inside the dense bed. The time simulated
was the same than that used in the experimental results, a time interval be-
tween 1 to 7 min corresponding to an average number of cycles, N , of 34. The
wall effect was also avoided, stopping the simulation if the fuel particle hits the
wall. For each cycle, the lateral dispersion coefficient was calculated according
to equation (5.1) for x and y-direction, and the average in the N cycles was
obtained for a fuel particle. Finally, 104 fuel particles were simulated in order
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to obtain a representative statistical value for the lateral dispersion coefficient.
The results obtained by the Monte Carlo global model are plotted in Figure 5.1
in the form of a box plot for different gas velocities, together with the experi-
mental results obtained by Olsson et al. (2012) for wood chips and bark pellets.
The median value, the upper and lower quartiles, corresponding with 75% and
25% of the population, and a confidence interval are given in the box plots. No
outliers are depicted in order to clarify the figure.
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Figure 5.1: Comparison between experimental results obtained by Olsson et al.
(2012) and results of the Monte Carlo global model for the lateral dispersion coefficient
(a) in x-direction and (b) in y-direction.
Figure 5.1 shows a good agreement between the experimental data of Ols-
son et al. (2012) and the results of the Monte Carlo global model. The lateral
dispersion coefficient increases with the gas velocity, since larger bubbles are
produced, and thus the fluidization is more vigorous, concluding in a greater mo-
tion of the fuel particles. A small degree of anisotropy between the x-direction
and y-direction was observed, being the dispersion coefficient in the y-direction
higher than the x-direction because of the rectangular shape of both the bed
and the mixing cells.
Comparison of the cumulative probability distribution
The presence of the fuel particle at the surface of the bed was characterized by
the cumulative probability distribution of observations. The cumulative proba-
bility distribution calculated with the Monte Carlo global model was compared
with the experimental values reported by Olsson et al. (2012). They obtained
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the cumulative probability of observations experimentally for a batch of wood
chips at U/Umf = 7.5. The number of times that the fuel particles were de-
tected at the surface of each mixing cell was obtained over a time interval of
7 min employing an acquisition frequency of 25 fps. In the simulations, a dis-
cretization with a frequency of 25 Hz was carried out in order to compare with
the experimental results. Therefore, the position of a fuel particle at these dis-
crete times were determined during 7 min and the number of times that the fuel
particle was found at the surface of each mixing cell was calculated. For the
comparison, 104 fuel particles were simulated at U/Umf = 7.5. The cumulative
probability distribution of observations per unit of mixing cell area is plotted
in Figure 5.2(a) and Figure 5.2(b) obtained from the Monte Carlo global model
and taken from the results reported by Olsson et al. (2012) respectively. The
initial position of the fuel particle in the simulations is marked with a filled
circle.
0
0.2
0.4
0.6
0.8
1
0
0.2
0.4
0.6
0.8
1
0
5
y/W [−]
x/L [−]
P
D
F 
[o
bs
/u
.a
.]
(a) (b)
Figure 5.2: Cumulative probability distribution of observations obtained from over
a time interval of 7 min and U/Umf = 7.5 (a) for the Monte Carlo global model and
(b) taken directly from Olsson et al. (2012).
The results obtained by the Monte Carlo global model were found to be
similar to the experimental results reported by Olsson et al. (2012). The pres-
ence of the fuel particle in the surroundings of the feeding port is higher than
at farther distances. Nevertheless, for the experimental results, the presence of
the fuel particle far away of the feeding port is larger. This difference can be
due to the fact that the experimental data were obtained just for a batch of
wood chips in 7 min in contrast of the 104 fuel particles simulated in the model.
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Therefore, the data obtained from the experiments reported by Olsson et al.
(2012) can be insufficient for a proper statistical result. On the other hand, in
both cases, the decrement of the values in the x-direction is smoother than in
the y-direction due to the rectangular shape of the bed and the mixing cells.
Comparison of the time and lateral displacement
As a final validation step, the ratio between the circulation time and the lateral
displacement of a fuel particle inside the dense bed to the total of the global
cycle time and the total of the global lateral displacement, both inside the
dense bed and in the freeboard, were calculated for the Monte Carlo global
model and compared with the experimental results reported by Olsson et al.
(2012) for a wood chip particle. The results of the simulations were calculated
for a time interval of 7 min, according to the experimental procedure. The
total circulation time of a fuel particle inside the dense bed was calculated as
the sum of all the circulation times inside the dense bed for each cycle, whereas
the total of the global cycle time was considered as the sum of the circulation
times inside the dense bed and the times of flight in the freeboard. For the
lateral displacement, the ratio of the lateral displacement inside the dense bed
to the total of the global lateral displacement was calculated in a similar way to
the time. In order to obtain a representative statistical result, 104 fuel particles
were simulated. The comparison between the results of the Monte Carlo global
model and the experimental results is shown in Table 5.1 for two different
dimensionless gas velocities.
The results of the Monte Carlo global model show a good agreement with
the experimental data of Olsson et al. (2012) for the U/Umf = 7.5 case. More
discrepancies were observed in the case of U/Umf = 5, which can be attributed
to buoyancy effects in the wood chip particle during the experimental tests.
The low ratio between the density of the wood chip and the dense bed density
involved a flotsam behavior. For low dimensionless gas velocities, the buoy-
ancy effects made the fuel particles float at the surface of the bed, increasing
the time spent by the particles at the bed surface and thus decreasing the
ratio tin/ttot. On the other hand, when the dimensionless gas velocity is in-
creased to U/Umf = 7.5 a more vigorous fluidization is produced, diminishing
the buoyancy effects and preventing the fuel particle to float at the surface of the
bed, increasing the ratio tin/ttot. This reduction of buoyancy effects when the
dimensionless gas velocity increases has been previously reported by Wirsum
et al. (2001) and Soria-Verdugo et al. (2011). The model proposed in this work
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Table 5.1: Comparison of the ratio of the time and lateral displacement of the fuel
particle inside the dense bed to the global values, between the Monte Carlo global
model and experimental results obtained by Olsson et al. (2012), for U/Umf = 5 and
U/Umf = 7.5.
U/Umf = 5 Model Olsson et al. (2012)
tin/ttot 0.989 (κ = ±0.002) 0.60 (κ = ±0.023)
Lin/Ltot 0.721 (κ = ±0.043) 0.55 (κ = ±0.08)
U/Umf = 7.5 Model Olsson et al. (2012)
tin/ttot 0.979 (κ = ±0.002) 0.97 (κ = ±0.014)
Lin/Ltot 0.664 (κ = ±0.002) 0.78 (κ = ±0.026)
considers fuel particles with a neutrally-buoyant behavior and thus, the discrep-
ancies were more important for the case of U/Umf = 5 when buoyancy effects
were significant.
From the results of this section it can be concluded that the results of the
Monte Carlo global model and the experimental results reported by Olsson
et al. (2012) showed a general good agreement for neutrally-buoyant objects.
Therefore, the Monte Carlo global model proposed describes accurately the fuel
particle behavior in a 3-D fluidized bed.
5.3.2 Determination of the lateral dispersion coefficient
for different gas velocities
Once the Monte Carlo global model was validated with experimental data,
several other results were obtained from the simulations. The geometry of the
bed and mixing cells employed for these results are still those of the experimental
facility described by Olsson et al. (2012). In this section, new simulations were
performed in order to study the influence of the bed walls on the values of
the lateral dispersion coefficient, and its variation with the dimensionless gas
velocity. The convergence of the results as a function with the time considered
for the simulations was also analyzed.
Figure 5.3 shows the variation of the mean value of the lateral dispersion
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coefficient with the number of global cycles considered for a fuel particle sim-
ulated with the Monte Carlo global model, using a dimensionless gas velocity
of 5. The lateral dispersion coefficient in the x-direction, Dx, the y-direction,
Dy, and the radial direction, Dr, were calculated for two different configura-
tions: with bed limits maintaining the dimensions of the experimental facility
reported by Olsson et al. (2012), (Figure 5.3(a)), and for a similar configuration
without walls, (Figure 5.3(b)).
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Figure 5.3: Variation of the mean value of lateral dispersion coefficients Dx, Dy
and Dr, for a configuration (a) with the fluidized bed dimensions reported by Olsson
et al. (2012) and (b) for a similar configuration without walls, for U/Umf = 5.
The values of the lateral dispersion coefficients are slightly lower in the case
with walls (Figure 5.3(a)) than in the case without bed limits (Figure 5.3(b)),
due to the hits of the fuel particles with the bed limits. Furthermore, the
differences between the lateral dispersion coefficient in the x and y-direction are
higher when removing the walls in the simulations because of the larger influence
of the rectangular shape of the mixing cells. The lateral dispersion coefficients
show scattering for low numbers of global cycles, nevertheless a constant value
was reached for high numbers of cycles. The number of cycles needed in the
simulations to obtain a constant value of lateral dispersion coefficients was above
104 global cycles, as can be observed in Figure 5.3. This number of global
cycles is much higher than that employed in the simulations carried out for
the experimental comparison, just 34 cycles, obtaining in that case a higher
dispersion in the values (see Figure 5.1). In order to study the effect of the
number of cycles, i.e. the time considered, on the scattering of the lateral
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dispersion coefficient, 105 fuel particles were analyzed.
The limits of the scattering of the lateral dispersion coefficient in the ra-
dial direction are shown in Figure 5.4 as a function of the number of global
cycles for a dimensionless gas velocity of 5. The limits represent the fitting
of the maximum and minimum values of the lateral dispersion coefficient ob-
tained for 105 fuel particles simulated, with an average cycle time equal to 13
s. The scattering found in the literature for the lateral dispersion coefficient
might be attributed to the effect of the time considered in the calculation or
in the measurements. As can be observed in Figure 5.4, the lateral dispersion
coefficient varied between 10−8 and 10−2 m2/s for short times in the case of a
dimensionless gas velocity of 5. The range of variation diminished when increas-
ing the time considered. Nevertheless, the mean value of the lateral dispersion
coefficient is uniform with the number of cycles considered.
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Figure 5.4: Scattering and mean value of the lateral dispersion coefficient in the
radial direction as a function of the number of global cycles, for a configuration without
walls and U/Umf = 5.
The influence of the dimensionless gas velocity in the lateral dispersion coef-
ficient in the radial direction was also analyzed in the simulations. The value of
U/Umf was varied from 2 to 8 for the general configuration without bed limits.
The statistical distribution of the lateral dispersion coefficient is presented in
Figure 5.5(a) in the form of a box plot for just one fuel particle with 105 global
cycles at different U/Umf . No outliers are depicted in the figure for clarifying
purposes. The mean value of the distribution is also plotted in Figure 5.5(a)
marked with a cross. Figure 5.5(b) shows the mean and median values of the
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lateral dispersion coefficient and the fitting for both values, as a function of the
dimensionless gas velocities.
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Figure 5.5: Lateral dispersion coefficient in radial direction (a) distribution in a
box plot and (b) mean and median values with a parabolic fitting, obtained with the
Monte Carlo global model for different U/Umf .
An increment in the dimensionless gas velocity involves a higher lateral dis-
persion coefficient, as can be observed in Figure 5.5(a). The scattering of the
lateral dispersion coefficient also increases with the dimensionless gas velocity.
The increase of the lateral dispersion coefficient of a fuel particle with the gas
velocity is in accordance with the results already reported in the literature by
several authors (Salam et al., 1987; Pallarès & Johnsson, 2006; Pallarès et al.,
2007). The increase of the mean and median values of the lateral dispersion
coefficient with the dimensionless gas velocity is parabolic, as can be seen in
Figure 5.5(b). Determination coefficients R2 of 0.997 and 0.994 was obtained
for the parabolic fitting of the mean and median values respectively. The max-
imum discrepancies of the mean and median values of the lateral dispersion
coefficient for 100 fuel particles is lower than 1.6% and 2.3% respectively for all
the dimensionless gas velocities.
5.3.3 Characterization of the feeding ports distance for
different configurations
The location of the feeding ports in a fluidized bed reactor is a key param-
eter in order to obtain a homogenous thermal conversion of the fuel particle
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in the bed, avoiding the formation of hot or cold spots. The optimal location
and number of the feeding ports is defined when the fuel particles can be dis-
tributed homogenously in the whole bed. An optimal distribution of the feeding
ports would produce higher thermal conversion efficiency and a reduction of the
maintenance costs.
The residence time of the fuel particle in the bed is another key parameter
in the performance of fluidized bed reactors, and thus it should be considered
in the determination of the feeding ports location. This residence time can be
associated to the time in which the devolatilization process of a fuel particle
occurs. The motion of the fuel particle in the bed during the devolatilization
process involves different mixing behaviors described by the Damköhler number.
The Damköhler number is defined, for horizontal processes, as the ratio of the
lateral transport time to the thermal conversion time of a fuel particle, defined
in equation (1.5). High ratios between lateral dispersion and devolatilization
times, described by a high Damköhler number, means that the reaction domi-
nates and the fuel particle thermal conversion occurs close to the feeding ports,
with a poor distribution through the whole bed. On the other hand, when
the dispersion time is much lower than the devolatilization time (low Damköh-
ler numbers), the lateral transport mechanism dominates and the fuel particle
is properly distributed over the bed prior to its thermal conversion (Gómez-
Barea & Leckner, 2010). Several authors have determined experimentally the
devolatilization times of biomass fuel particles as a function of size and shape.
Wang et al. (2005) and de Diego et al. (2002) obtained devolatilization times
between 20 and 250 s for wood fuels of different sizes, while for Sreekanth et al.
(2008) the values range between 50 and 350 s also for wood particles.
In this section, simulations were performed to study the maximum lateral
displacement for different number of global cycles and dimensionless gas veloc-
ities, employing the Monte Carlo global model. The global time employed in
each simulation varied from 30 to 360 s in intervals of 30 s, according to the
devolatilization times reported in the literature. The different dimensionless
gas velocities simulated were 2, 4, 6 and 8. Four different configurations were
considered in the simulations, one of them without bed limits and the other
three using the bed geometry reported by Olsson et al. (2012), but varying the
initial position of the fuel particle in the simulations, as showed in Figure 5.6.
The total number of fuel particles simulated was 104 for each configura-
tion, devolatilization time, tdev, and dimensionless gas velocity, U/Umf . The
distance between the farther position reached by the fuel particle and the injec-
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Figure 5.6: Scheme of the initial position for the different configurations of the bed
with walls.
tion point was calculated for different devolatilization times and gas velocities.
The optimal distance between feeding ports was estimated as two times the
median value of the largest distance calculated for the 104 fuel particles. In
Figure 5.7 the optimal feeding ports distance is plotted as a function of the
devolatilization time, for all the dimensionless gas velocities and configurations.
The optimal distance between feeding ports increases with the dimensionless
gas velocity and the devolatilization time for all the configurations because of
the larger lateral displacement of the fuel particle. This increment of the op-
timal feeding ports distance depends on the position of the feeding ports. For
the dimensions of the bed simulated, where the distance between the horizontal
walls (y-direction) was smaller than the distance between the vertical walls (x-
direction), the results vary. For devolatilization times up to 90 s, the variation
of the optimal feeding ports distance is similar for all the configurations. After
that instant, for the vertical and interior configurations, the increment of the
optimal feeding ports distance with U/Umf is smoother than in the case of the
horizontal initial position or the case without walls. This smoother increment
shall be attributed to the hits of the fuel particle with the horizontal bed limits
in the vertical and interior configurations, whereas the bed limits are farther to
the initial position for the horizontal configuration. In the results of the con-
figuration without bed limits no changes in the variation of the optimal feeding
ports distance are observed for the range of devolatilization times simulated, as
can be seen in Figure 5.7(d). The optimal distance between feeding ports for
the horizontal configuration is quite similar to the case without walls, showing
differences just for high devolatilization times and gas velocities when the lat-
eral displacement of the fuel particle is comparable to the distance to the walls.
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Figure 5.7: Optimal feeding ports distance as a function of the devolatilization
time, for different U/Umf (a) vertical initial position, (b) horizontal initial position,
(c) interior initial position and (d) without walls configuration.
Finally, the results of the optimal feeding ports distance reported in Figure
5.7 could be employed to determine the optimal number of feeding ports for a
particular bed geometry.
5.4 Conclusions
In this chapter a model based on a Monte Carlo method was developed to de-
scribe the global motion of a neutrally-buoyant fuel particle in a large scale 3-D
fluidized bed. The global motion was divided in two sub-motions, the motion
when the fuel particle is immersed in the bed and the motion in the freeboard.
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The outputs of the Monte Carlo global model were the lateral displacement of
the fuel particle, the circulation time of the fuel particle inside the dense bed
and the time of flight in the freeboard. The results obtained from the Monte
Carlo global model were compared with experimental results reported in the
literature. The lateral dispersion coefficient, the distribution of the fuel parti-
cle throughout the surface of the bed, and the ratio of the circulation time and
the lateral displacement of fuel particle inside the dense bed to the global cycle
time and global lateral displacement were compared with the experimental data,
showing a general good agreement. This provide an experimental validation of
the model for a 3-D bed.
The influence of the gas velocity on the lateral dispersion coefficient was
also analyzed in the simulations of the Monte Carlo global model. The lateral
dispersion coefficient was calculated for several dimensionless gas velocities be-
tween 2 and 8, showing an increment of the lateral dispersion coefficient with
the dimensionless gas velocity, in accordance with the literature. The increase
of the mean and median values of the lateral dispersion coefficient with the
gas velocity followed a parabolic tendency with a high determination coeffi-
cient R2 associated to the fitting. The time considered in the determination of
the lateral dispersion coefficient affects the scattering obtained, being higher for
shorter times. This scattering is also larger for high dimensionless gas velocities.
The maximum distance reached by a fuel particle from the feeding ports
was also obtained for different gas velocities and residence times. From this
parameter, the optimal distance between feeding ports was calculated for sev-
eral configurations, varying the feeding ports location. The residence time of
a fuel particle in the bed was associated with the devolatilization times of fuel
particles to determine the optimal feeding ports distance for each configuration
as a function of the dimensionless gas velocities. For higher dimensionless gas
velocities and devolatilization times the optimal distance between feeding ports
was larger. The influence of the bed limits on the optimal location of the feeding
ports was analyzed, obtaining a reduction of the distance between feeding ports
when the bed walls are closer. Finally, for a particular bed geometry, the opti-
mal number and location of feeding ports to guarantee a proper distribution of
fuel particles throughout the bed can be calculated from the results presented
in this work.
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Notation
Dk Lateral dispersion coefficient in the k-direction [m2·s−1]
Dr Lateral dispersion coefficient in the radial direction [m2·s−1]
Dx Lateral dispersion coefficient in x-direction [m2·s−1]
Dy Lateral dispersion coefficient in y-direction [m2·s−1]
Lin Total lateral displacement inside the dense bed [m]
Ltot Total of the global lateral displacement in the bed [m]
N Number of cycles simulated [−]
p Probability of a fuel particle to get the bed surface by the
action of a single bubble [−]
q(d) Probability of a fuel particle to start a rising path for a
continuous depth [−]
tc Global cycle time [s]
tdev Devolatilization time [s]
tin Total circulation time of the fuel particle inside the dense
bed [s]
ttot Total of the global cycle time of the fuel particle in the
bed [s]
U Superficial gas velocity [m·s−1]
Umf Minimum fluidization velocity [m·s−1]
γk Lateral displacement in k-direction [m]
κ Maximum error [-]
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CHAPTER
SIX
Conclusions
In this dissertation, a model of the motion of a large object with a neutrally-
buoyant behavior throughout a bubbling fluidized bed has been performed. The
model is based on parameters obtained from an experimental characterization.
The measured elemental parameters of the object motion are characterized by
their statistical distributions. The model relies on the simulation of the relation
between such statistical distributions, using a Monte Carlo method.
This PhD thesis is a fundamental study, but the results obtained can be
directly applied for the design and characterization of fluidized bed reactors.
The information obtained referring to the motion of objects throughout the bed
has been used to determine the lateral dispersion coefficient of a fuel particle
in a large-scale bubbling fluidized bed. This is a basic parameter for the de-
termination of the proper feeding ports location and operational conditions of
a fluidized bed reactor. Also, the model allows to calculate the time intervals
when the objects are in the freeboard or remains immersed in the dense bed.
These periods of time can be compared with the characteristic fuel conversion
times.
The motion of the object has been modeled using different sub-models ac-
cording to the different dynamics present in the bed. These dynamics include
the motion in the freeboard, based on the ejection velocity and gravity, the
sinking motion inside the dense bed, based on the dense phase motion, and
the rising motion inside the dense bed, based on object-bubble interactions.
Each sub-model has been tested and validated independently, and then merged
together and validated as a complete unit.
The experiments were carried out in a 2-D facility with optical access to
the bed and in a 3-D lab-scale bubbling fluidized bed where zenith images were
acquired. The characterization of the object motion employed two different
measurement techniques, based on digital image analysis. In the first one, the
object emits a green light and it is detected in complete darkness. In the second
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one, specially developed for this thesis, the position of the object is acquired
together with that of the dense phase, so the relative position of bubbles and the
surface of the bed is obtained. Both techniques allowed to determine the object
position at each instant, and thus the trajectory and velocity of the object in
the 2-D bed. In the 3-D bed, only the object position when appearing at the
surface was recorded.
The first study in this dissertation deals with the object motion in the free-
board. For large objects, the gas drag force is not relevant and interactions
with the dense phase can be neglected, so the object motion can be described
as ballistic, relying only on the velocity vector when the object is ejected to
the freeboard and the gravitational force. The experiments confirmed these
assumptions. The ejection velocity obtained experimentally showed statistical
distributions for both angle and modulus. The ejection angle showed an expo-
nential probability distribution, diminishing the probability from low ejection
angles, around the vertical direction, to higher ones. The modulus of the object
ejection velocity showed a mean value equal to the mean bubble velocity times
the cosine of the ejection angle, and a Gaussian probability distribution around
that value. This result is also valid for different gas velocities and bed heights.
A model based on the ballistic behavior and Monte Carlo simulations consid-
ering the probability distributions of the ejection velocity was developed. The
time of flight of the object and its lateral displacement during the object motion
in the freeboard were obtained directly from the tests and compared with the
model results for validation. A dimensionless form of the time of flight and the
lateral displacement were proposed as a function of the mean bubble velocity,
in order to compare different cases of bed dynamics. The dimensionless form of
the probability density function showed a Gaussian distribution for the time of
flight and an exponential distribution for the lateral displacement. A compari-
son on the distributions of time of flight and lateral displacement between the
experimental results and the Monte Carlo simulations in dimensionless form
showed a very good agreement between cases for different dimensionless gas
velocities. As a general result of this study, the time of flight and the lateral
displacement can be determined from the dimensionless form proposed, as a
function of the mean bubble velocity with three different degrees of accuracy:
i) a median value, for the dimensionless forms of both time and lateral disper-
sion equal to unity; ii) probability distributions of time and lateral dispersion
using the representative parameters obtained for the Gaussian and exponential
probability density function; and iii) a result obtained running the simulations
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of the Monte Carlo model.
The second study concerned the modeling of the vertical motion (1-D model)
of an object inside the dense bed. Objects were considered to have a neutrally-
buoyant behavior. The characterization of the 1-D motion relied on experimen-
tal evidence presented in previous works. Experiments obtained prior to this
PhD thesis, but with the participation of its author, were used as a source of
input data and for comparison and validation. The model rely on three main
parameters: i) the probability of a rising object to reach directly the surface
of the bed; ii) the probability of a sinking object to start a rising process at a
certain position; and iii) if that first case is not fulfilled, the position where the
object was detached from the bubble in its rising path. The first probability
was obtained experimentally in previous works for a number of bed and particle
configurations, obtaining a constant value of 45%. The second one was obtained
experimentally in this thesis for an object with a neutrally-buoyant behavior.
A model based on Monte Carlo simulations employing these parameters and in-
formation on the object mean sinking and rising velocities was developed. The
results of the model are the distribution of the circulation time of the object
in a cycle, i.e. the lapse between starting a sinking path at the bed surface
and coming back to it, and the probability of the maximum depth attained by
an object in a cycle. The simulation results were compared with the experi-
mental data showing a good agreement. Finally, the model was extrapolated
to calculate the circulation time for a 3-D bed, and the results were compared
with experimental data obtained in a lab-scale 3-D bubbling fluidized bed. The
comparison of the results for the 3-D bed showed also a good agreement.
The last study in this PhD thesis consisted of the development of a global
model from the two previous sub-models. The results were presented as an
application to characterize the motion of a fuel particle in a 3-D large-scale
fluidized bed. Nevertheless, a simple combination of the two sub-models lacked
some features that should be defined and modeled. A relevant motion, the
lateral behavior of the fuel particle when it is inside the dense bed, was not
addressed in the previous sub-models. Therefore, the model was extended con-
sidering an assumption based on literature evidence. The fuel particle was
considered to move in the lateral direction inside the dense bed with some
conditions based on the well-established mixing cell structure, the bubble di-
ameter and the maximum depth attained by the object in a cycle inside the
dense bed. With these assumptions, the model is complete and could deliver
information on the global motion and lateral displacement versus time. The
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results of the model were validated in comparison with experimental data on
the fuel dispersion in a large-scale fluidized bed available in the literature. The
validation showed a good agreement between the Monte Carlo simulations and
the experimental results. The lateral dispersion coefficient of a fuel particle
was calculated for a wide range of dimensionless gas velocities. The mean lat-
eral dispersion coefficient showed a smooth parabolic tendency for increasing
gas velocity. Finally, the maximum lateral distance reached by a fuel particle
was obtained for a time scale associated to the devolatilization time of the fuel
particle, for different gas velocities and varying the initial position of the fuel
particle in the simulations. This maximum distance reached by the fuel particle
can be used for design criteria on the optimal location of the feeding ports in
fluidized bed reactors, in order to ensure a proper distribution of the fuel par-
ticles. Therefore, an optimal distance between feeding ports was proposed for
a wide range of devolatilization times, different locations of the feeding ports
and several gas velocities.
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